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2^Momentum transfer cross section (cm") 
Magnetic field strength (gauss)
Velocity of agitation of gas molecules 
Velocity of agitation of electrons 
Diffusion coefficient 
Electric field strength 
Electronic charge 
Dimensionless factor 
Electron velocity distribution 
Length of diffusion chamber 
Boltzmann’s constant 
krp Townsend's energy factor
*Equivalent mean free path at unit pressure 
*Equivalent mean free path 
Mean free path 
Molecular mass 
Electron mass 




Mean energy of electrons 
Mean energy of gas molecules
NOTATION (Continued)
R Current ratio
T Absolute temperature or Mean free time
W Drift velocity (cm/sec)
X Defined on p.25.
a a = aa- cc-j_
aa Electron attachment coefficient 
oci Ionization coefficient
\ W/2D
jtA. Mobility, Drift velocity per unit field strength
60 o) = B e/m.
* The quantities to which these symbols refer throughout the text are 
equivalent mean free paths and cross sections as defined in 
equation (1.3).
INTRODUCTION
In 1899, Townsend published an important paper in which he 
showed that the product NQe of Avügadro's number and the charge 
on an ion was the same for gaseous ions as for monovalent ions in 
an electrolyte, that is to say, the charges e are the same for 
both types of ion. Townsend first established the important 
formula for the ratio w/d of the drift velocity W of a group of 
ions through a gas to the coefficient of diffusion D of the group. 
Townsend made use of Maxwell’s equations of transport and implicitly 
made the assumptions that the mean velocity of agitation of the ions 
is the same as that of the gas molecules and that the distribution 
of the velocities is unaffected by the application of the field E.
With these assumptions Townsend showed that
W N0 E e
D R T
where R is the gas constant and T is the absolute temperature.
In the 1899 paper, Townsend described an experiment in which
ii.
the coefficient of diffusion D of the ions in air at atmospheric 
pressure was directly measured and, by using the drift velocities 
W measured by Zeleny (1898), he was able to obtain the ratio W,/d 
and hence the value of N0e.
Townsend turned from this subject to develop his well known 
theory of sparking in gases.
In 1908 Townsend described a method in which the ratio w/d 
v/as measured as a single experimental quantity and this gave the 
product N0e with much greater accuracy than did his earlier work.
This method is important because it forms the basis of most 
of the work described in the present thesis. The experimental 
details of this aspect of Townsend's work are described in 
section 1.1.1.
The differential equation describing the distribution of ions 
in the steady state can be solved in conformity with the boundary 
conditions for n at the electrodes and from this equation the ratio 
R of the currents received by the receiving electrode is found as a 
function of w/d and the dimensions of the diffusion chamber.
Since the latter were known, it was possible to deduce w/d from 
measurements of R. Townsend found that for positive ions and for 
negative ions in damp gases N0e was closely equal to its value for 
monovalent ions in electrolysis.
In 1913» Townsend and Tizard carried out further measurements 
in dry air with a stream of electrons generated by ultraviolet 
light in an apparatus also described in section 1.1. It was found
iii.
t h a t  a b n o r m a l l y  s m a l l  v a l u e s  o f  w/ d were o b t a i n e d .  Townsend 
a t t r i b u t e d  t h i s  e f f e c t  to  t h e  breakdown o f  the  t h e o r y  o f  e q u i -  
p a r t i t i o n  when a s t r e a m  o f  v e r y  l i g h t ,  c h a rg e d  p a r t i c l e s  moves 
t h r o u g h  a g a s  u n d e r  th e  i n f l u e n c e  o f  an e l e c t r i c  f i e l d .  He was 
a b l e  to  w r i t e
2 in c 2v = k j  i  M
where krp i s  a  f a c t o r  whose v a l u e  i s  e q u a l  to o r  g r e a t e r  t h a n  1.
From m e a su re m e n t s  o f  w/ d a s  d e s c r i b e d  above he was a b l e  t o  o b t a i n  
v a l u e s  o f  th e  f a c t o r  kT (Tow nsend’ s e n e rg y  f a c t o r ) .  I t  was found  
t h a t  krj, = f ( E / p )  where p i s  t h e  p r e s s u r e  o f  the  g a s ,  a  r e s u l t  which 
i s  i n  e f f e c t  s u g g e s t e d  by t h e  p r i n c i p l e s  o f  s i m i l a r i t y .
S u b s i d i a r y  e v i d e n c e  f o r  t h i s  d e p a r t u r e  from t h e  law o f  e q u i -  
p a r t i t i o n  was o b t a i n e d  by c o n s i d e r a t i o n  of  th e  d r i f t  v e l o c i t y  W 
f o r  n e g a t i v e  i o n s  i n  d ry  g a s e s .  U s ing  a k i n e t i c  t h e o r y  f o r m u l a  
f o r  t h e  d r i f t  v e l o c i t y  W due t o  Langev in  and a s s u m in g  t h a t  th e  
c o l l i s i o n  c r o s s  s e c t i o n s  o f  th e  gas  m o l e c u l e s  were o f  the  o r d e r  o f  
m a g n i tu d e  g i v e n  by th e  k i n e t i c  t h e o r y  o f  g a s e s ,  and u s i n g  h i s  
m e asu re d  v a l u e s  o f  k^  Townsend was a b l e  to show t h a t  the  r a t i o  e/m 
f o r  n e g a t i v e  i o n s  i n  d ry  g a s e s  was o f  t h e  o r d e r  o f  m a g n i tu d e  
c o r r e s p o n d i n g  to  t h a t  o f  e l e c t r o n s  (Townsend,  " E l e c t r i c i t y  i n  G a s e s "
1916,  p . 1 8 0 ) .
I n  t h e  p a p e r  o f  Townsend and T i z a r d  ( 1 9 1 3 ) » t h e  f i r s t  s y s t e m a t i c  
m e a su re m e n t s  o f  W by th e  method o f  m a g n e t i c  d e f l e c t i o n  were made.
The t h e o r y  o f  t h e  method was s im p ly  t h a t  o f  t h e  H a l l  e f f e c t  and i s  
d e s c r i b e d  b r i e f l y  i n  c h a p t e r  6,
iv.
These measurements of kip and W for streams of electrons in 
various gases were resumed immediately after the first World War 
by Townsend and various colleagues at Oxford and the results were 
collected in a pamphlet entitled "Motions of Electrons in Gases" 
(1925). The results are expressed in the form of tables and 
curves in which a number of quantities kp, the RMS velocity of 
agitation, W, the mean free path at unit pressure L, and the mean 
energy lost in a collision are all represented as functions of E/p.
These results were again published in Townsend’s book 
"Electrons in Gases" (1948).
In 1940 Huxley showed that by modifying the form of apparatus 
used in this work a major improvement could be made in both the 
flexibility of application and accuracy of the method.
Prior to this either a slit or an aperture of large dimensions 
had been used as a source of electrons and this provided the 
apparatus with several inherent disadvantages. In the first place 
it was necessary to postulate that n, the density of electrons, was 
constant over the source aperture. In itself this was difficult 
to realize and undoubtedly led to inaccuracies in results.
Secondly the formula for R in terms of w/d for the form of apparatus 
developed by Townsend required a series solution. For this reason 
the formula had limited accuracy and normally involved a large 
amount of preliminary calculation. In addition to this, any 
apparatus which was constructed with differing dimensions required 
a series of calculations thereby tending to limit the range of new
Vapparatus built and reducing the experimental checking of the 
consistency of results. The modification proposed by Huxley was 
superior in that it was largely free from objection on both these 
grounds.
The form of apparatus was one in which the source of electrons 
took the form of a small hole in the source electrode. Because 
this acted as a point source the error in postulating a uniform 
value of n across the source was therefore very much reduced and 
the ultimate precision of results could be much higher.
The second advantage of this method lay in the simplicity of 
the solution for R in terms of w/d which was now an integral 
solution and capable of exact determination. Evaluation of the 
formula connecting R and w/d was therefore a relatively simple 
matter and the task of recalculating for apparatus of differing 
dimensions was no longer arduous. Apparatus could therefore be 
built in which the dimensions were chosen to suit experimental 
conditions and to enable cross checks to be made, rather than to 
suit existing conditions.
A later development of the theory enabled the values of both 
w/d and the electron attachment coefficient to be determined from 
a single series of measurements which were very little different 
from those in which no attachment processes occur. This method is 
discussed very briefly in chapter 4.
In the same paper the theory of Townsend’s magnetic deflection 
method for measuring drift velocity was developed to take account
vi.
of the same modification to the electron source thereby enabling 
measurements of this type also to be made with greater accuracy*
In this theory the off axis slit in the receiving electrode was 
replaced by one bisecting the electrode as described in chapter 6. 
This has a dual advantage. In the first place it allowed 
measurements to be taken over an infinite variety of electric and 
magnetic field strengths for a given pressure, rather than at 
limited combinations of these parameters as required by Townsend’s 
method. In this way the method was given greater flexibility and 
enabled a wider check of internal consistency to be made. In 
addition the theory provided an exact formula relating the current 
ratio R at the receiving electrode to the ratio Wx/Wz of the drift 
velocities parallel and perpendicular to the electric field, rather 
than the approximate solution for W used by Townsend. Huxley’s 
theory for magnetic deflection is described in chapter 6.
The one main drawback to these methods was the doubt as to the 
form of solution for the point source, namely, whether a pole 
solution or a dipole solution applied. This indecision has not yet 
been resolved methematically but experimental evidence as set out in 
chapter 3 has shown that, while the dipole solution appears to be 
the more precise mathematically, it is indeed the pole solution 
which gives consistent results. In any case it is possible in most 
instances to work with experimental conditions whereby it is 
unnecessary to decide in favour of either solution since both lead
to the same result within the limits of accuracy of the measurements;
vii
these conditions were purposefully chosen for the work described 
in Part II.
In a later paper (Huxley and Zaazou, 1949), Huxley drew 
attention to the fact that, when the distribution of electron 
agitational speeds is considered, the apparent value of k,p, namely 
k-j, as obtained directly from measurement requires correction to 
give the value of kj as defined by Townsend (see section 1.4). 
Furthermore it was pointed out that formulae previously used to 
derive such microscopic quantities as mean free path and mean 
fractional energy loss on collision from the measured values of W 
and D require the inclusion of dimensionless velocity averaging 
factors similar to that relating k^ and k-j.
In a still later paper ( 1957), a further refinement to the 
theory enabled formulae for diffusion and drift to be derived 
which took into account the variation of mean free path with electron 
speed.
Up to the present time, considerable work has been carried out 
in the determination of W and D by Huxley's method (Crompton and 
Sutton, 1952, Crompton and Elford, 1963) and also in the 
determination of W by magnetic deflection (Hall, 1955) and of 
electron attachment coefficient (Bagot, 1960).
In a recent paper Huxley (i960) used a new approach to develop 
a general formula for the velocity distribution function appropriate 
to an electron swarm moving under the influence of a steady electric 
field through a gas with whose atoms only elastic collisions are
viii
made. The formula so derived is similar to formulae derived 
previously (see for example, Chapman and Cowling, 1952); its 
relevance to the present work is discussed in chapter 5*
In the past few years this same problem has been examined 
theoretically in somewhat greater detail to include the influence 
of the relevant inelastic collision processes. Important work in 
this regard has been carried out recently by Prost and Phelps 
(1961, 1962) and by Heylen and Lewis (i960, 1962). The work of
Phelps et al need only be considered here since that of Heylen and 
Lewis does not extend to the range of electron energies covered in 
the present work. By assuming first the various elastic and 
inelastic cross sections based on previous experiment and theory 
Frost and Phelps were able to use a digital computer to solve the 
appropriate Boltzmann transport equation and obtain values of the 
mobility and diffusion coefficient over a range of experimental 
parameters. These values were then compared with experimental 
measurements and the input cross sections adjusted until a best 
fit was obtained.
At this point reference to Huxley's modified magnetic deflection 
theory (Huxley and Zaazou, 1949) assumes importance. Prom the ratio 
R of currents received at the divided electrode in magnetic 
deflection experiments it is possible to obtain exactly the ratio 
Wx/Wz. By first postulating the form of velocity distribution this 
ratio has been used (Hall, 1955) to give a value for the drift 
velocity W through the relation between Wx/wz and W as derived by
ix.
Huxley. However, if the drift velocity is known from independent 
measurements, the magnetic deflection method will give a precise 
value of the numerical factor in the formula linking these quantities. 
This numerical factor, the magnetic deflection coefficient, is 
dependent only on the form of velocity distribution function and on 
the form of variation of cross section with velocity.
It immediately becomes apparent that the method of magnetic 
deflection provides a valuable tool in the study of these functions, 
providing as it does the means of measuring a further macroscopic 
quantity independent of those already known. It is the investigation 
of this quantity which constitutes the main topic of this thesis.
The material in this thesis has for convenience been divided 
into two parts.
In Part I a systematic investigation of Huxley's method for 
determination of values of w/d has been undertaken. In this 
determination as many of the parameters as possible have been varied 
to demonstrate the consistency of the method and the theory upon 
which it is based. In addition to the variation of field strength 
and pressure, the physical dimensions of the apparatus have been 
varied within wide limits. It is in conjunction with this work 
that the superiority of the pole solution in the formula linking 
the current ratio R with the ratio w/d is shown. The demonstration 
that this is indeed a consistent method for determination of w/d is 
a necessary forerunner for the work described in Part II.
As an addition to Part I, the extension of Huxley's method to
X.
include work in gases where attachment processes occur is 
demonstrated in chapter 4*
The second part of the thesis is concerned with an investigation 
of the distribution function through the method of magnetic deflection. 
To demonstrate the consistency of the method, the magnetic deflection 
coefficient is first determined in nitrogen, a gas in which the drift 
velocity W and the ratio w/d are already accurately known. These 
results are then compared with the theoretical results of Phelps and 
others showing excellent agreement. Following the demonstration of 
the experimental consistency of the method, the magnetic deflection 
coefficient is determined in helium where it is not only necessary to 
measure Wx/wz but also W (by the method of Bradbury and Nielsen) and 
k^. As helium is a monatomic gas it is then possible to compare 
experimental results with theoretical values of the magnetic 
deflection coefficient derived using Huxleyfs simplified treatment.
A comparison with the theoretical work of Frost and Phelps is also 
made. Since, as will be shown in chapter 11, the dependence of free 
path on agitational speed, and consequently the form of velocity 
distribution, in helium are known it is then possible to derive with 
some accuracy from the values of W and D values for the momentum 
transfer cross section and for the mean fractional energy loss.
PART I.
AN INVESTIGATION OF THE
LATERAL DIFFUSION METHOD OF DETERMINING v/p.
CHAPTER 1
INTRODUCTION AND THEORY 
1.1 Historical introduction.
Part I of this thesis aims to demonstrate the experimental 
consistency of the determination of w/d using the method of 
Townsend, further modified by Huxley.
Although much work has been carried out up to the present 
time using this method, little attempt has been made to assess 
the overall accuracy of this method and the consistency of the 
results thereby obtained*
The first direct measurement of w/d made by Townsend (1908) 
used the apparatus shown diagrammatically in figure 1.1.1*
Ions produced by secondary X-rays from a brass surface S moved 
through the grid G and the 1 cm aperture A to the receiving 
electrode C D C under the influence of an electric field E, 
maintained uniform by means of a set of guard electrodes R0,
R^, .... Rrj, S. The receiving electrode consisted of an 
insulated central disk D and a surrounding annulus C. If i^  
was the current received by the disk D and i^ that received by
Figure 1.1.1
Figure 1.1.2
2C, then Townsend was able to express the ratio w/d as a 
function of the ratio
R i 1il + i2
Using the formula
W N0 Ee 
D = R T
Townsend was able to demonstrate from a single series of 
measurements that the value of NQe has the same value for 
gaseous ions as for monovalent ions in an electrolyte.
It is of interest to note that this original formula of 
Townsend (1399) can be derived as follows. As in Townsend’s 
derivation it is necessary to assume that the mean velocity of 
agitation is the same as that of the gas molecules and that 
the law of distribution of velocities is not affected by E.
If n is the number of ions per unit volume of the gas
then
n W = constant n Ee.
The corresponding flux of ions due to diffusion may be 
represented in terms of an equivalent drift velocity
w = - D/n grad n
where D is the coefficient of diffusion of the ions. It may 
be supposed that the equivalent drift w is caused by a force 
density - grad P, where P is the partial pressure of the ions. 
In analogy therefore with the expression for W,
3n w = -  D g r a d  n
= -  c o n s t a n t  g r a d  P
where the  c o n s t a n t  i s  the  same a s  i n  the  f o r m u l a  f o r  W.
On rem oving  t h e  g r a d i e n t s  by i n t e g r a t i o n  
D n = c o n s t a n t  P,
t h e  c o n s t a n t  o f  i n t e g r a t i o n  v a n i s h i n g  s i n c e  P i s  p r o p o r t i o n a l
to n and P = 0 when n = 0 .
By d i v i s i o n  t h e r e f o r e
W n Ee Ee NQ Ee 
D ~ ~~P = kT R T '
where R i s  t h e  g a s  c o n s t a n t .
Townsend and T i z a r d  (1913) e x t e n d e d  t h i s  i n v e s t i g a t i o n  
u s i n g  an a p p a r a t u s  shown d i a g r a m m a t i c a l l y  i n  f i g u r e  1 . 1 . 2 .  
E l e c t r o n s  were g e n e r a t e d  by the  a c t i o n  of  u l t r a v i o l e t  l i g h t  on 
p l a t e  A and,  u n d e r  t h e  a c t i o n  o f  t h e  e l e c t r i c  f i e l d ,  t r a v e r s e d  
th e  space  A B, some p a s s i n g  th r o u g h  th e  s l i t  S, 2 mm wide and 
15 mm l o n g ,  i n t o  a  r e g i o n  o f  u n i f o r m  e l e c t r i c  f i e l d  E, to be 
c o l l e c t e d  a t  t h e  r e c e i v i n g  e l e c t r o d e  C. C was d i v i d e d  by two 
s l i t s  p a r a l l e l  to  S t h e r e b y  p r o d u c i n g  a c e n t r a l  s t r i p  C2 , 5 mm 
w ide ,  and two o u t e r  s egm en ts  C-^  and C2 . I f  i-}, i 2 and i 3 a r e  
t h e  c u r r e n t s  f a l l i n g  on C-|, C2 and r e s p e c t i v e l y  th e n  th e  
r a t i o  w/ d can s i m i l a r l y  be e x p r e s s e d  i n  t e rm s  o f  t h e  r a t i o
1 2
R “ i'j + i 2 + i ^
M easurements  were l a t e r  made u s i n g  the  method o f  Townsend
4by many workers, a summary of which can be found in Healey and 
Reed (1941) and Townsend (1948).
The modified theory of Huxley, which provides the basis of 
the work done at the present time, was not used until 1949 by 
Huxley and Zaazou. In their apparatus, electrons entered the 
diffusion chamber, which had a height h of 1 cm, through a 1 mm 
hole in the source electrode. More accurate measurements of 
w/d were subsequently made by Crompton and Sutton (1952), using 
a similar apparatus, in hydrogen and nitrogen.
More recently similar work has been carried out in this 
field by Cochran and Forester (1962) and by Warren and Parker 
(1963).
1.2 Definition of terms.
1.2.1 Drift Velocity W.
In the absence of an electric field, electrons in an 
electron cloud will be moving with random agitational 
motion with a mean agitational speed c. The velocity of 
the centre of mass of the cloud will however be zero.
When an electric field E is applied, the centre of 
mass of the cloud will move with a drift velocity W, where 
W is parallel to the direction of E.
1.2.2 Diffusion Coefficient D.
Due to random motion, diffusion of molecules and 
electrons will, in the absence of any electric field,
5.
cause a change in any non-uniform distribution. A 
coefficient of diffusion D may be defined such that, if 
n is the concentration of electrons per unit volume, the 
net transport of electrons across a surface of unit area 
normal to grad n per second is
- D grad n*
1*2.3 Townsendfs Energy Factor.
In the absence of any electric field, electrons in 
a gas move in straight lines between collisions with a 
velocity _c and since the electrons are in thermal 
equilibrium with the gas then the mean energy of the 
electrons
„ i ~~2Q = 2 m c
is equal to the mean energy of the gas molecules
p
Q = i M C o
When an electric field E is applied the electrons 
are subjected to an additional force along the direction 
of the field, their paths tend to be curved and energy is, 
on the average acquired from the field. In collisions 
with gas molecules an electron will on the average lose 
more energy than it gains from the molecule and an 
equilibrium condition is reached for which the mean 
energy Q, of the electrons is greater than the mean
6energy Qq of the gas molecules.
Townsend's energy factor k^ may then be defined as
1.3 Derivation of the differential equation describing diffusion 
of electrons.
By definition 1.2*2 the net transport of electrons per 
unit time across a surface of area dS due to diffusion is 
given by
If the electron cloud possesses a drift velocity W then 
the transport per unit time across dS due to drift is
The total transfer across dS due to drift and diffusion 
is then
(n W -D grad n) . dS
Taking any arbitrary volume d > which includes the 
electron cloud but contains no sources or sinks of electrons, 
then the total number of electrons is Jff n d T»
The net outflow of electrons across the surface of this 
volume is given by
D grad n . dS
n W . dS
n d 7  =
which by Gauss' theorem
7Thus
37 = - V . (n W - D V n).at — _ _
For a steady state condition, the concentration of 
electrons at any point is constant, that is,
&  =. 0 at
hence
2D t7 n - W . grad n = 0
For a uniform electric field E, parallel to the axis Oz, 
W is constant, that is
W = W z
=: W
2 nand D V  n - w - — ss 0z
or V  2 n =z W ^ n D z (1.3.1)
== n2H"T (1-3.2)
whe re 2 \ ss v/d .
It is seen from equation (1.3*1) that the distribution
of electrons moving with steady state motion under the action
of a uniform field is governed by the ratio of the drift 
velocity to the diffusion coefficient,
1.4 Relation between w/p and Townsend^ Energy Factor.
If I  is the mean free path of electrons between collisions 
and c is the agitational velocity of the electrons then, using 
formulae derived by Huxley (i960)
8and
* 6 ( ~2 d / A 2\ \“  (o Tz{Lc) ]
1 (77)
( 1 • 4 . 1 )
(1.4.2)
where e and ra are the electronic charge and mass and the 
average is taken over all electrons in the swarm. An outline 
of the derivation of these formulae is given in Appendix I. 
From equations (1.4.1) and (1.4•2)
E e -2 d__
3m dc (/ c2) /  ■!(/<,)





where F is a dimensionless factor depending only on the 
distribution of i and c through the electron swarm.
The mean agitational energy of the electrons can be 
expressed as
1 2 - m e 1 2 k “ M U T 2
L ; k  T T 2
where k is Boltzmann,s constant and T is the absolute
temperature of the gas molecules
9Hence __E__e___






where k^  is an alternative form of TownsendTs Energy Factor 
and is related to k^ through the simple expression
k_ = — F k„ .T 3 1
Thus 5 = 2X
e E
k T k (1.4.3)
Using values given by Du Mond and Cohen (1953> 1958), 
equation (1.4.3) can be evaluated to give the value of \ as
__e_ E_
2k T * k
= 19.794 f-
*1
for T = 20°C
= 29 3«16°K.
Thus the solution of equation (1.3*2) will enable k^  to 
be determined directly in terms of experimental parameters.
It is convenient also to introduce at this point the 
quantity D/yU. where j k is the drift velocity per unit field 




















from which it can be seen that D/yu is proportional to the 
mean energy of the electrons and, unlike k^, is independent 
of the energy of the gas molecules and hence the gas 
temperature. D/^ ia therefore affords a useful comparison 
between results at different temperatures for a given value 
of the parameter e/n where N is the molecular number density.
1.5 Experimental method for determining Townsend*s Energy Factor.
The method used is that of Huxley and Zaazou ( 1949) 
based on that of Townsend (1899 et seq) and his students, the 
form of apparatus used in this work being similar to that 
used by Crompton and Sutton (1952)-
The diffusion chamber consists of a pair of parallel 
metal electrodes separated by a distance h (figure 1 • 5•1)•
The receiving electrode B is divided into insulated portions 
and consists of a central disk and surrounding annuli.
Electrons are generated by a heated platinum filament 
and before entering the main chamber pass through a 
’’preliminary run” region where the electric field is identical 
to that in the main chamber. In this way the electrons 
acquire an equilibrium energy appropriate to the field before 
entering the diffusion chamber through a small hole at the 
centre of the source electrode S.
The concentration of electrons at the receiving electrode 
is analysed by measuring the ratio R of current falling on the 
central disk, 0 < ’ f b, to the total current falling on the 
receiving electrode 0 <T ^  c.
Experiments are designed to ensure that the electron 
concentration at the outer edges of the diffusion chamber is 
negligible and that the number of electrons which spill over 
from the outer receiving annulus on to the region of the 
guard electrodes, P )> c, is less than 0.1 % of the total current. 
In this way the concentration of electrons is zero at the 
’’walls” of the chamber and no modification of the theory need 
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Figure 1-6.1
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1 .6  S o l u t i o n  o f  th e  d i f f e r e n t i a l  e q u a t i o n . 
The d i f f e r e n t i a l  e q u a t i o n
V 2 n b ( 1 . 3 . 2 )
can be s o l v e d  a s  i n  Appendix  I I  where t h e  s o l u t i o n  f o r  n u n d e r  




U r ) 2 V W  (Xr)  Ps ( o o s  e)
( 1 . 6 . 1 )
where K i_(^r ) i s  t h e  m o d i f i e d  B e s s e l  f u n c t i o n  o f  h a l f
s + 2
i n t e g r a l  o r d e r ,
P o ( c o s  0) i s  t h e  a s s o c i a t e d  L ege nd re  f u n c t i o n ,
A i s  a  c o n s t a n t  s
and r  i s  th e  r a d i a l  d i s t a n c e  from t h e  o r i g i n .
F o r  t h e  c a s e  o f  a  p o i n t  s o u r c e  o f  e l e c t r o n s  a t  t h e  
o r i g i n ,  t h e  two p o s s i b l e  m a t h e m a t i c a l  s o l u t i o n s ,  d e p e n d i n g  
on the  v a l u e  o f  s c h o s e n ,  a r e  a s  f o l l o w s :
1 . 6 .1  Po le  s o l u t i o n .
I f  t h e  v a l u e  o f  s i s  chosen  a s  s = 0 ,  t h e n  t h e  
s o l u t i o n  c o r r e s p o n d s  to  t h a t  of  a  p o l e  s o u r c e  o f  
e l e c t r o n s  a t  t h e  o r i g i n  and n i s  g i v e n  as
- \ ( r  -  z)
n = A ( 1. 6 . 2 )
However,  bou n d a ry  c o n d i t i o n s  a t  t h e  l o w e r  e l e c t r o d e  B 
r e q u i r e  t h a t  n = 0 a t  z = h,  t h u s  an  image o f  t h e  s o u r c e
13
must be p l a c e d  a t  z = - 2 h  to  make n = 0 a t  z = h .  
S i m i l a r l y  a f u r t h e r  image i s  t h e n  r e q u i r e d  a t  z = 4h to  
compensa te  f o r  th e  e f f e c t  o f  t h e  f i r s t  image a t  t h e  
p l a n e  z = 0 ,  ( s e e  f i g u r e  1 • 6 . 1 )  l e a d i n g  t o  an i n f i n i t e  
s e r i e s  of  such  image p a i r s .
I n t e g r a t i n g  t h e  s o l u t i o n  ( 1 . 6 . 2 )  o v e r  t h e  l o w e r  
e l e c t r o d e  and  as s u m in g  t h a t  t h e r e  i s  n e g l i g i b l e  c u r r e n t  
f a l l i n g  o u t s i d e  r a d i u s  ^ = c ,  th e  r a t i o  R o f  t h e  c u r r e n t  
to  t h e  c e n t r a l  d i s k  o f  r a d i u s  b to  t h a t  to t h e  whole 
e l e c t r o d e  i s  g i v e n  by
R h e-X (d  -  h)
d
2 2 2 where d = b + h .
. 6 . 2  D ip o le  s o l u t i o n .
I f  t h e  v a l u e  o f  s i s  c h o s e n  as  s = 1, t h e n  
s o l u t i o n  c o r r e s p o n d s  to t h a t  o f  a d i p o l e  s o u r c e  
e l e c t r o n s  a t  t h e  o r i g i n .
E q u a t i o n  ( 1 . 6 • 1 )  now l e a d s  to  the  r e s u l t
( 1 . 6 . 3 )
t h e
o f
n = B e
- h re
r
\r  + 1 
\ r
z
r ( 1 . 6 . 4 )
where B i s  c o n s t a n t .
Again  i n t e g r a t i n g  o v e r  t h e  l o w e r  e l e c t r o d e  a f t e r  
a p p l y i n g  t h e  image s o l u t i o n  a s  b e f o r e ,  the r a t i o  R i s




/ h 1 
d “  \h
I  e - ^ d - h)  ( 1 . 6 . 5 )
The co m p le te  d e r i v a t i o n  o f  t h e s e  f o r m u l a e  i s  g i v e n  i n  
Appendix  I I ,
A l th o u g h  e q u a t i o n  ( 1 . 6 . 5 )  s a t i s f i e s  t h e  b o u n d a ry  
c o n d i t i o n s ,  g i v i n g  as  i t  does  the  c o n d i t i o n  n = 0 o v e r  
t h e  u p p e r  e l e c t r o d e  e x c e p t  a t  r  = 0 , i t  can  be shown 
e m p i r i c a l l y  t h a t  e q u a t i o n  ( 1 . 6 , 3 )  i s  t h e  s o l u t i o n  which 
i s  c o n s i s t e n t  w i t h  e x p e r i m e n t a l  r e s u l t s .  E q u a t i o n  
( 1 . 6 . 3 )  i s  u s e d  t h r o u g h o u t  t h i s  work.
A d i s c u s s i o n  o f  t h e  two s o l u t i o n s  a p p e a r s  i n  
s e c t i o n  3 . 3. 7 .
1.7  M o d i f i c a t i o n  o f  t h e  method when a t t a c h m e n t s  a r e  p r e s e n t .
A l l  p r e v i o u s  d i s c u s s i o n  i n  t h i s  s e c t i o n  has  depended on 
t h e  f a c t  t h a t  no n e g a t i v e  i o n s  a r e  formed by a t t a c h m e n t  i n  
c o l l i s i o n s  b e tw e e n  e l e c t r o n s  and m o l e c u l e s  and t h a t  t h e r e  i s  
no i o n i z a t i o n .  The method,  w i t h  some m o d i f i c a t i o n ,  i s  a l s o  
a p p r o p r i a t e  to  th e  c a s e  where t h e s e  p r o c e s s e s  do o c c u r .  
E q u a t io n  ( 1 . 6 . 3 )  must  be m o d i f i e d  to  i n c l u d e  b o t h  a t t a c h m e n t  
and i o n i z a t i o n  c o e f f i c i e n t s  which a r e  d e f i n e d  by:
The a t t a c h m e n t  c o e f f i c i e n t  a , i s  t h e  number o f  i o n sa
formed by a t t a c h m e n t ,  on the  a v e r a g e ,  p e r  e l e c t r o n  p e r  
c e n t i m e t r e  o f  p a t h  i n  a d i r e c t i o n  p a r a l l e l  to  the
d i r e c t i o n  o f  d r i f t
15
The ionization coefficient a. , is the number of electrons 
produced by ionization, on the average, per electron per 
centimetre of path in a direction parallel to the 
direction of drift.
The formula linking R the current ratio, with k^, a&, ou, 
and experimental parameters was derived by Huxley (1959) and 
modified by Huxley and Hurst (i960). The method as applied 
to oxygen was discussed extensively by Bagot (i960) together 
with experimental details.
The formula is as follows:
h/dfe exp (\h + \h j -l) Pb(s) ds





(-^h((b/k)2 + s2)f ) - exp (-/ah((tyk)2 + (2-s)2)b')J (1.7.1)
R is now the ratio of the current falling on the first 
annular ring a < b to the total current falling on the 
receiving electrode a <^<^0 , the central disk, 0 <y<"a, 
being earthed. It is assumed that the current which spills 
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k i Townsendf s e n e r g y  c o e f f i c i e n t  f o r  e l e c t r o n s









OJ.c 2 \ a
Thus th e  r e s u l t a n t  R i s  a  f u n c t i o n  R(k„,  a , a . ) .x 1 a 7 l
I t  i s  to  be n o t e d  t h a t  e q u a t i o n  ( 1 • 7 • 1 )  a l s o  t a k e s  i n t o
a c c o u n t  t h e  d i f f u s i o n  o f  t h e  n e g a t i v e  i o n s .
I d e a l l y  th e  e x p e r i m e n t a l  method can be  e x t e n d e d  to  the
measurement of  a l l  t h r e e  q u a n t i t i e s ,  k^ ,  and
s i m u l t a n e o u s l y .  T h i s  can be done by m e a s u r i n g  R f o r  s i m i l a r
e x p e r i m e n t a l  c o n d i t i o n s  b u t  a t  t h r e e  d i f f e r e n t  v a l u e s  o f  h
th e  chamber l e n g t h .  The t h r e e  r e s u l t i n g  s i m u l t a n e o u s
e q u a t i o n s  can th e n  be s o lv e d  by a c y c l i c  p r o c e s s .  The
v a r i a b l e s  a and a .  a r e  f i r s t  h e l d  c o n s t a n t  and a f i r s t  a  i
a p p r o x i m a t i o n  to k^ f o u n d ;  t h e r e a f t e r  e a c h  v a r i a b l e  i s  
t a k e n  i n  t u r n  and th e  p r o c e s s  r e p e a t e d  u n t i l  a s e t  o f  v a l u e s  




D e s c r i p t i o n  o f  t h e  a p p a r a t u s .
The d i f f u s i o n  a p p a r a t u s  used  i n  t h e  p r e s e n t  work was 
d e s i g n e d  and b u i l t  by Dr.  R.W. Crompton and i s  d e s c r i b e d  a t  
l e n g t h  i n  Crompton and  J o r y  (1 9 6 2 ) .
The a p p a r a t u s  c o n s i s t s  e s s e n t i a l l y  o f  a  s o u r c e  e l e c t r o d e  
h a v i n g  a 1 mm h o l e  a t  i t s  g e o m e t r i c  c e n t r e ,  i . e .  on the  a x i s  
o f  t h e  a p p a r a t u s  and a r e c e i v i n g  e l e c t r o d e  c o n s i s t i n g  o f  a 
c e n t r a l  d i s k  o f  r a d i u s  0 . 5  cm t o g e t h e r  w i t h  a s e r i e s  of 
s u r r o u n d i n g  i n s u l a t e d  a n n u l i  o f  e x t e r n a l  r a d i u s  1 . 0 ,  1 . 5 ,  2 .0  
and 4 .25  cm ( d i m e n s i o n s  b e i n g  measured  to  t h e  c e n t r e s  o f  t h e  
0 . 0 2 5  cm g aps  s e p a r a t i n g  th e m ) .  The r e c e i v i n g  e l e c t r o d e  i s  
mounted on a s t a i n l e s s  s t e e l  s c rew  of 1 mm p i t c h  and by means 
o f  an e x t e r n a l  m a g n e t i c  d r i v e  t h e  l e n g t h  o f  the  c h a m b e r .h ,  can 
be s e t  a t  any r e q u i r e d  v a l u e .  The f a c e s  o f  the  t e n  gua rd  
e l e c t r o d e s  a r e  s i t u a t e d  a t  1 cm i n t e r v a l s  from the  f a c e  o f  th e  
s o u r c e  e l e c t r o d e  so t h a t  i n t e g r a l  v a l u e s  f o r  th e  l e n g t h  o f  the  
chamber can be o b t a i n e d  by s e t t i n g  the  f a c e  o f  the  r e c e i v i n g
Figure 2.1.1
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e l e c t r o d e  c o p l a n a r  w i th  th e  f a c e  o f  any g u a rd  e l e c t r o d e .
The t h i c k n e s s e s  o f  the  g u a rd  r i n g s  and o f  the s p a c e r s  
s e p a r a t i n g  them were measured  a t  t h r e e  p o s i t i o n s ,  e q u a l l y  
s paced  a b o u t  the  c i r c u m f e r e n c e ,  u s i n g  a r e a d i n g  m i c r o s c o p e  
and were t h e n  a v e r a g e d .  The maximum v a r i a t i o n  from t h e s e  
a v e r a g e s  was 0 . 1 5 $ .
G r e a t  c a r e  was t a k e n  i n  t h e  c o n s t r u c t i o n  of  t h e  
a p p a r a t u s  t o  e n s u r e  c o r r e c t  a l i g n m e n t  of  t h e  s o u r c e  h o l e ,  
t h e  r e c e i v i n g  e l e c t r o d e  and t h e  g u a rd  r i n g  sys tem and i t  i s  
c o n s i d e r e d  t h a t  t h e  c e n t r e  of  th e  e l e c t r o d e  r e m a in s  a t  l e a s t  
t o  w i t h i n  0 .0 2 0  cm o f  th e  a x i s  a t  a l l  v a l u e s  of  h .
Each segment o f  the r e c e i v i n g  e l e c t r o d e  i s  mounted on a
c o p p e r - t o - g l a s s  " H o u s e k e e p e r” s e a l  so t h a t  the  r e s i s t a n c e
be tween  any two a d j a c e n t  e l e c t r o d e  s egm en ts  i s  g r e a t e r  t h a n  
1410 ohm. D u r in g  c o n s t r u c t i o n  th e  f a c e  o f  t h e  a s s e m b le d  
e l e c t r o d e  was l a p p e d  and p o l i s h e d  to  a  h i g h  s u r f a c e  f i n i s h .
The e n t i r e  chamber  was t h e n  g o ld  p l a t e d  to  m in im ize  c o n t a c t  
p o t e n t i a l  d i f f e r e n c e s  o c c u r r i n g  o v e r  th e  s u r f a c e s  o f  th e  
m e t a l  e l e c t r o d e s .
Each segment o f  the  r e c e i v i n g  e l e c t r o d e  i s  c o n n e c t e d  
d i r e c t l y  to  a t u n g s t e n - t o - g l a s s  s e a l  i n  th e  P y rex  e n v e l o p e .
As i n  a l l  l a t e r  e q u ip m e n t ,  t h e s e  s e a l s  were c o a t e d  e x t e r n a l l y  
w i th  a s i l i c o n e  compound (DC 200 from Dow C o rn ing  C o r p o r a t i o n )  
and baked t o  300°C. T h i s  t r e a t m e n t  p r e v e n t s  the  a d s o r p t i o n
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o f  w a t e r  vapou r  a t  t h e  s u r f a c e  o f  th e  g l a s s  and so m a i n t a i n s  
a v e ry  h ig h  r e s i s t a n c e  a c r o s s  the  g l a s s  s u r f a c e ,  t h e r e b y  
r e d u c i n g  l e a k a g e  c u r r e n t s .
2 . 2  M e a s u r in g  e q u i p m e n t .
To e n a b l e  t h e  r a t i o  W/D, and hence  k^ ,  to  be m easured  i t
was n e c e s s a r y  t o  know n o t  t h e  t o t a l  c u r r e n t  w i t h i n  t h e  chamber
- 1 2which  was o f  the o r d e r  o f  10 amp, b u t  t h e  d i s t r i b u t i o n  o f  
c u r r e n t  f a l l i n g  on t h e  r e c e i v i n g  e l e c t r o d e .  A c c o r d i n g l y ,  
m e asu re m en ts  were made o f  the  c u r r e n t  r a t i o  R a s  d e f i n e d  i n  
s e c t i o n  1.5*
As i t  was e s s e n t i a l  n o t  to d i s t o r t  the  e l e c t r o n  s t r e a m  
f a l l i n g  on th e  r e c e i v i n g  e l e c t r o d e  a n u l l  method o f  
m easurem en t  was used  whereby th e  r e c e i v i n g  e l e c t r o d e ,  t o g e t h e r  
w i t h  i t s  a s s o c i a t e d  g u a rd  r i n g ,  was m a i n t a i n e d  a t  ear th-  
p o t e n t i a l  t h r o u g h o u t  t h e  m e a s u re m e n t s .
Use was made i n  t h i s  work o f  th e  doub le  e l e c t r o m e t e r  -  
i n d u c t i o n  b a l a n c e  d e v i s e d  f o r  t h e  p r e s e n t  work by D r .  R.W. 
Crompton and b a s e d  on an e a r l i e r  form u s e d  by Crompton and 
S u t t o n  ( 1 9 5 2 ) .
The segments  o f  the  r e c e i v i n g  e l e c t r o d e  were c o n n e c t e d  
e l e c t r i c a l l y  i n  the  r e q u i r e d  c o m b i n a t i o n  by f i n e  w i r e s  w i t h i n  
t h e  e l e c t r i c a l  s h i e l d i n g  s u r r o u n d i n g  th e  e n v e l o p e  and were 
c o n n e c t e d  to  t h e  m e a s u r i n g  eq u ip m en t  by 0 . 0 0 1 4 ” n ich rom e  w i r e s  
h e l d  t a u t  w i t h i n  1” d i a m e t e r  b r a s s  t u b i n g  by p o l y s t y r e n e
20.
end-pieces. The use of this form of construction provided 
both adequate shielding and high insulation while the dimensions 
were chosen to minimize the capacity to earth.
As an additional precaution against interference not only 
was the apparatus shielded by wire mesh in close proximity to 
the glass envelope but the laboratory was surrounded by a 
complete copper shield to exclude all forms of external 
electrical interference. The alternating current supply was 
also filtered against the more common radio frequencies to 
prevent interference from this source.
2.2.1 Electrometer unit.
The circuit of the double electrometer unit is shown
in figure 2.2.1. Each valve was a Ferranti, type BDM20,
double tetrode electrometer valve, carefully selected to
have the characteristics of each half matched as well as
possible. In each case the signal grid was that drawing
the lower grid current, the control grid being earthed.
Average characteristic curves gave the grid current to be
-1 5of the order of 10 amp but the operating point was 
chosen so that the grid current was reduced to zero.
This was done by carefully adjusting the potential of the 
cathode with respect to the grid, using controls GB I and 
GB II, so that over a period of one minute no measurable 









C o n t r o l s  Bai  I  and B a i  I I  were a d j u s t e d  to g iv e  ze ro  
d e f l e c t i o n  o f  the  g a l v a n o m e t e r  when b o t h  g r i d s  were 
c o n n e c t e d  to  e a r t h ,  t h a t  i s  to e n s u r e  e q u a l  p o t e n t i a l s  
on each  a n o d e .
The p l a t e  and s c r e e n  v o l t a g e s  c o u l d  be s w i t c h e d  
i n d e p e n d e n t l y  o f  t h e  f i l a m e n t  e n a b l i n g  th e  c a th o d e  to 
be h e a t e d  f o r  some t im e  b e f o r e  t h e s e  v o l t a g e s  were a p p l i e d ,  
t h u s  r e d u c i n g  m a rk e d ly  th e  t im e  r e q u i r e d  to  a c h i e v e  
s t a b i l i t y .
Out o f  b a l a n c e  c u r r e n t  was measured  e i t h e r  by a p a i r  
o f  s t a n d a r d  10-0 -10  m ic ro am m ete r s  o r  by much more 
s e n s i t i v e  Pye "S ca lam p” g a l v a n o m e t e r s .  S e n s i t i v i t y  
s w i t c h e s  SS i n  s e r i e s  w i th  each g a l v a n o m e t e r  e n a b l e d  
the  s e n s i t i v i t y  to be v a r i e d  i n  12 e q u a l  s t e p s .
F i l a m e n t  h e a t e r  c u r r e n t  was a p p l i e d  from a Gossen 
’’C o n s t a n t e r ” c o n s t a n t  c u r r e n t  power s u p p l y .  A r h e o s t a t  
was p r o v i d e d  to  p r e v e n t  t h e  f i l a m e n t  from d raw ing  l a r g e  
i n i t i a l  c u r r e n t s ,  the  r h e o s t a t  b e i n g  removed d u r i n g  
o p e r a t i o n .  A l l  o t h e r  v o l t a g e s  were a p p l i e d  from i n t e r n a l  
d ry  c e l l s .
2 . 2 . 2  I n d u c t i o n  b a l a n c e .
The i n d u c t i o n  b a l a n c e  c o n s i s t e d  o f  a  low r e s i s t a n c e  
D.C. power s u p p ly  ( d e t a i l s  o f  which can be found i n  
Bagot ,  I 9 6 0 ) ,  a  r o t a t i n g  p o t e n t i o m e t e r  d r i v e n  by a 
s y n c h ro n o u s  m o to r  and a d i v i d i n g  p o t e n t i o m e t e r  ( f i g u r e  2 . 2 . 2 )
f r o m  e x p e r i m e n t a l
V V W V W W W W i  R o t a t i n g  P o t e n t i o m e t e r  
1 1 K
4 5 0  K
< ^ 6 ^ .
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A c o n s t a n t  v o l t a g e  was a p p l i e d  to  t h e  ends  o f  a 
" C o lv e r n "  p o t e n t i o m e t e r  o f  12,000 ohm which was d r i v e n  
a t  a  c o n s t a n t  s peed  o f  one r e v o l u t i o n  p e r  m inu te  by t h e  
s y n c h ro n o u s  c l o c k  m o t o r .  I n  t h i s  way a c o n s t a n t l y  
i n c r e a s i n g  v o l t a g e ,  d v / d t ,  was o b t a i n e d  a c r o s s  the  o u t p u t .  
A cross  t h i s  o u t p u t  was c o n n e c t e d  a 450 ,000  ohm 1 0 - t u r n  
h e l i c a l  p o t e n t i o m e t e r  a r r a n g e d  so t h a t  any p e r c e n t a g e  
X dV /d t  (where X i s  the  s c a l e  r e a d i n g  on the  d i a l  o f  the  
h e l i c a l  p o t e n t i o m e t e r )  co u ld  be o b t a i n e d  from i t s  o u t p u t .
To e n s u r e  t h a t  t h e  r a t e  o f  i n c r e a s e  o f  v o l t a g e ,  d V /d t ,  
was l i n e a r ,  the  r o t a t i n g  p o t e n t i o m e t e r  had been  s p e c i a l l y  
d e s i g n e d  to  com pensa te  f o r  the  l o a d i n g  o f  th e  d i v i d i n g  
p o t e n t i o m e t e r .
I n  o p e r a t i o n  th e  t o t a l  o u t p u t  was f e d  on t o  one o f  a
-1  2p a i r  of  a c c u r a t e l y  ma tched  30 x 10 F c o n d e n s e r s  
c o n n e c t e d  to the  e l e c t r o d e  r e c e i v i n g  the l a r g e r  e l e c t r o n  
c u r r e n t .  The g r i d  o f  one e l e c t r o m e t e r  was a l s o  c o n n e c t e d  
to  t h i s  e l e c t r o d e  and ,  by c a r e f u l  a d j u s t m e n t  o f  the  
f i l a m e n t ,  t h e  e l e c t r o n  c u r r e n t  r e c e i v e d  by the  e l e c t r o d e  
c o u ld  be a d j u s t e d  to be e x a c t l y  e q u a l  to C d v /d t  where C 
i s  th e  c a p a c i t y  o f  the  c o n d e n s e r .  The e l e c t r o d e  was t h u s  
m a i n t a i n e d  a t  e a r t h  p o t e n t i a l ,  i n d i c a t e d  by ze ro  d e f l e c t i o n  
on th e  e l e c t r o m e t e r .
The o u t p u t  from th e  h e l i c a l  p o t e n t i o m e t e r  was f e d  to 
th e  second c o n d e n s e r  c o n n e c t e d  to  the  e l e c t r o d e  r e c e i v i n g
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the smaller electron current and the value of X was 
varied so that this current was equal to C X dV/dt.
The scale reading X on the induction balance then 
directly gave the smaller current as a percentage of 
the larger.
The process was made to be an integrating one by 
arranging that the receiving electrodes were disconnected 
from earth at the instant the slider of the rotating 
potentiometer passed through the zero position (Crompton, 
1953).
The output voltage applied to the nColvernM 
potentiometer could be varied in 12 equal steps, and this, 
in conjunction with the sensitivity control in the 
galvanometers mentioned in the previous section, was used 
to give a constant overall sensitivity for the measuring 
equipment over a large range of current.
2.2.3 Condenser units.
A diagram of part of one of the condensers is shown 
in figure 2.2.3* The signal from the induction balance 
was applied to the outer casing while the central electrode 
was connected to the grid of the electrometer and also to 
the receiving electrode.
The construction of the end-pieces of the condensers 
was carried out with a twofold objective. Because of 
the earthed ring surrounding them, the polystyrene disks
24.
holding the central cylinder underwent no dielectric 
strain and thus no extraneous voltages were introduced 
from this source. The earthed ring also served to 
maintain a uniform field at the ends of the condenser 
thereby reducing any end effects.
Both electrodes were accurately machined and the 
two condensers tested for equality using a bridge circuit. 
Any difference in the capacities of the two condensers 
was then eliminated by slightly reducing the length of 
the inner electrode of the condenser having the larger 
capacitance. In this way the capacitances were 
equalised to within 0.01$.
2,2,4 Measuring procedure.
If i^  is the current falling on the central disk and 
±2 the current falling on the outer annulus of the 
receiving electrode then the ratio R is given by
By making use of the double-pole double-throw 
changeover switch on the induction balance it was always 
possible to use the total output from this source to 
balance the larger of the two currents from the receiving 
electrodes. The smaller, variable current from the 
induction balance was then used to balance the smaller of
the two currents from the receiving electrodes The dial
2 5 .
r e a d i n g  X from t h e  s c a l e  o f  t h e  h e l i c a l  p o t e n t i o m e t e r  
t h e n  gave th e  s m a l l e r  c u r r e n t  a s  a  p e r c e n t a g e  o f  the 
l a r g e r .
I f  the  c u r r e n t  i g  to  the  o u t e r  d i s k  was th e  l a r g e r ,  
t h e n  th e  r a t i o  R was g iv e n  by
5 x
R i  + i  X + 1001 2
w h i le  f o r  a  l a r g e  c u r r e n t  i g  t o  th e  i n n e r  d i s k ,  R was 
g i v e n  by
i  . 100
D  -  __________ 1__________  =  ______________________
“ i 1 + ±2 • 100 + X
The symbol X u s e d  t h r o u g h o u t  t h e  t e x t  w i l l  r e f e r  to 
t h i s  v a l u e  o f  X q u o te d  above*
B e fo re  and a f t e r  ea c h  s e t  of  m easurem en ts  was t a k e n  
a check  was made to e n s u r e  t h a t  t h e  e l e c t r o m e t e r s  were 
i n t e r n a l l y  b a l a n c e d  and t h a t  no g r i d  c u r r e n t  was b e i n g  
drawn.
To f a c i l i t a t e  c a l c u l a t i o n s  a t a b l e  of  v a l u e s  o f  X 
a g a i n s t  Eh/k^ was drawn up f o r  d i f f e r i n g  v a l u e s  of  b /h*  
The programme which was used  i n  c o n j u n c t i o n  w i th  a 1620 
com pute r  i s  g i v e n  i n  Appendix  I I I .  An example o f  such 
a cu rv e  i s  g iv e n  i n  s e c t i o n  7 .5*
2 .3  A s s o c i a t e d  e l e c t r i c a l  e q u i p m e n t .
Th i s  i s  b e s t  e x p l a i n e d  by r e f e r e n c e  to f i g u r e  2 .3*1*
The v o l t a g e  a c r o s s  t h e  d i f f u s i o n  chamber  was s u p p l i e d  a c r o s s
F ig u r e  2.3.1
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th e  r e s i s t o r  c h a i n  from a " John F lu k e "  ty p e  301E power s u p p ly  
whose v o l t a g e  c o u ld  be s e t  to  w i t h i n  0 . 1 $ .  A h i g h  r e s i s t a n c e  
r o t a r y  s w i t c h  e n a b l e d  th e  l e n g t h  o f  the  r e s i s t o r  c h a i n  to be 
v a r i e d  a c c o r d i n g  to t h e  l e n g t h  h o f  th e  chamber and a l s o  
com pensa ted  f o r  t h e  t h i c k n e s s  o f  th e  g u a rd  r i n g  a d j a c e n t  to  
the  r e c e i v i n g  e l e c t r o d e .
g
Each r e s i s t o r  i n  t h e  c h a i n  was a n om ina l  2 x 10 ohm h ig h  
s t a b i l i t y  ca rb o n  r e s i s t o r  s e l e c t e d  to  be w i t h i n  0 . 1 $  o f  t h e  
r e q u i r e d  v a l u e .  I n  t h i s  way i t  was e n s u r e d  t h a t  the  d e v i a t i o n  
from a u n i f o r m  e l e c t r i c  f i e l d  w i t h i n  th e  chamber  was l e s s  t h a n  
0 . 2 5 $ .
V a r i a b l e  v o l t a g e s  be tw een  th e  s o u r c e  e l e c t r o d e ,  th e  
" p r e l i m i n a r y  r u n "  e l e c t r o d e  and the  f i l a m e n t  were s u p p l i e d  
from 180V dry  b a t t e r i e s  and th e  f i l a m e n t ,  wound o f  0 . 0 0 2 "  
p l a t i n u m  w i r e ,  was h e a t e d  from a b a t t e r y  o f  l e a d  c e l l s  and 
c o n t r o l l e d  by a low r e s i s t a n c e  r h e o s t a t .
2 . 4  Vacuum equ ipm en t
2 . 4 . 1  Vacuum s y s t e m s .
The vacuum sys tem  u s e d  i s  shown s c h e m a t i c a l l y  i n  
f i g u r e  2 . 4 . 1 .  The p o s i t i o n  o f  a l l  t a p s  and l i q u i d  a i r  
t r a p s  i s  shown. The t r a p s  n e a r e s t  to  the  gas  i n l e t  
sys tem  and to  th e  e x p e r i m e n t a l  t u b e  were f i l l e d  w i th  
i n d e n t e d  c o p p e r  to i n c r e a s e  t h e  a r e a  of  c o ld  s u r f a c e
i n  c o n t a c t  w i t h  t h e  gas
2 7 .
The e n t i r e  sys tem was c o n s t r u c t e d  o f  P y re x  and a l l  
cone j o i n t s  and t a p s  were g r e a s e d  w i th  Apiezon N g r e a s e .
Pumping was c a r r i e d  ou t  w i th  a c o n v e n t i o n a l  Edwards 
ty p e  2S20 r o t a r y  o i l  b a c k i n g  pump and p r e s s u r e s  o f  0 .1  
m ic ron  were o b t a i n e d .  On i s o l a t i n g  the  sys tem from t h e  
pump a r i s e  o f  l e s s  t h a n  0 . 3  m ic ron  p e r  24 h o u r s  was 
o b s e r v e d .  These p r e s s u r e s  were m easured  w i th  an 
Edwards P i r a n i  gauge .  The vacuum sys tem  was s u b j e c t e d  
to no t h e r m a l  o u t g a s s i n g  o f  any form.
2 .4o2  P r e s s u r e  g a u g e .
The p r e s s u r e  gauge u s e d  was of  a  p r e c i s i o n  c a p s u l e  
ty p e  d e s i g n e d  by Crompton and E l f o r d  (1957)  and had a 
r a n g e  o f  0 to  40 mm Hg. At t h e  l o w e r  end o f  the  s c a l e  
( l e s s  t h a n  5 mm Hg) th e  gauge c o u ld  be r e a d  to  an 
a c c u r a c y  o f  0 . 5 $  w i th  c o n s i d e r a b l e  i n c r e a s e  i n  a c c u r a c y  
a t  h i g h e r  p r e s s u r e s .
2 . 4 . 3  Gas i n l e t  s y s t e m .
Hydrogen was o b t a i n e d  from d i f f u s i o n  o f  com m erc ia l  
hydrogen  th r o u g h  a h e a t e d  p a l l a d i u m  tu b e  o b s e r v i n g  the  
p r e c a u t i o n s  d e s c r i b e d  by Crompton and E l f o r d  ( 1 9 6 2 ) .

2 9 .
3 . 1 . 2  P r e s s u r e  m e a s u re m e n t .
To a v o i d  p o s s i b l e  e r r o r s  a r i s i n g  from the  use  of 
d i f f e r e n t  p r e s s u r e  g a u g e s ,  a  s i n g l e  gauge h a v i n g  a r a n g e  
o f  0 t o  40 mm Hg was u s e d  and the  p r e s s u r e s  were l i m i t e d  
to  10, 20 and 40 mm Hg.
3 . 1 . 3  R a t io  l i m i t a t i o n .
To o b t a i n  a s u f f i c i e n t l y  h i g h  r e s o l u t i o n  i n  
m easurement  i t  was n e c e s s a r y  t h a t  a change of one s c a l e  
d i v i s i o n  i n  th e  v a l u e  o f  X s h o u ld  c o r r e s p o n d  to  a s m a l l  
p e r c e n t a g e  change  o n ly  i n  t h e  v a l u e  o f  E h /k ^ .  
A c c o r d i n g l y ,  t h e  r a n g e  o f  v a l u e s  of  X ch o s en  was such  
t h a t  a  change  of  one s c a l e  d i v i s i o n  i n  X c o r r e s p o n d e d  to 
a change  of  l e s s  t h a n  0 . 3 $  i n  E h /k ^ .  The c o r r e s p o n d i n g  
v a l u e s  o f  R l a y  b e tw ee n  0 . 2 3  and 0 . 9  and th e  l i m i t s  
p l a c e d  upon X were t h e r e f o r e
X > 30 when R = 





3 . 1 . 4  R e s t r i c t i o n  on d i v e r g e n c e  o f  e l e c t r o n  s t r e a m .
In  o r d e r  to  u s e  the f o r m u l a e  d e r i v e d  i n  s e c t i o n  1.6 
and Appendix  I I ,  i t  was n e c e s s a r y  to  r e s t r i c t  c o n d i t i o n s  
so t h a t  l e s s  t h a n  0 . 1 $  o f  t h e  c u r r e n t  f e l l  o u t s i d e  t h e  
o u t e r  d i s k  of  r a d i u s  4 .25  cm. For t h i s  c o n d i t i o n  to ho ld  
a t  h = 10 cm, f o r  exam ple ,  i t  was n e c e s s a r y  t h a t  Eh/k^ be 
g r e a t e r  t h a n  4*0.
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3 . 1 . 5  Chamber l e n g t h *
The maximum a v a i l a b l e  v a l u e  o f  h was 10 cm and th e  
minimum v a l u e  used  was 2 cm. The v a l u e  h = 1 was p o s s i b l e  
b u t  the  above r e s t r i c t i o n s  r e d u c e d  the u s e f u l n e s s  o f  
m e asu re m en ts  t a k e n  a t  t h i s  v a l u e .  An i n t e r m e d i a t e  v a l u e  
o f  h = 5 was a l s o  u s e d .
3 .1*6  E l e c t r o d e  c o n f i g u r a t i o n .
The lo w e r  e l e c t r o d e  was d i v i d e d  i n t o  a c e n t r a l  d i s k  
o f  0 . 5  cm r a d i u s  and a n n u l i  o f  1 . 0 ,  1.5* 2 .0  and 4 .25  cm 
r a d i u s .  However the  above l i m i t a t i o n s  r e d u c e d  th e  
p o s s i b l e  c o m b in a t i o n  o f  h and b t o  t h e  f o l l o w i n g :
h = 10 cm b / h  = 0 . 0 5 ,  0 . 1 0 ,  0 . 1 5
h = 5 cm ii 0 . 1 0 ,  0 . 2 0
h = 2 cm b / h  = 0 . 2 5 .
In  a d d i t i o n t o  t h e above ,  a t  h = 10 cm m easurem en ts  were
made u s i n g  th e  r a t i o  o f  c u r r e n t  r e c e i v e d  on th e  f i r s t  
a n n u l u s  to  t h a t  on the  t o t a l  r e c e i v i n g  e l e c t r o d e ,  t h e  
c e n t r a l  d i s k  b e i n g  e a r t h e d .
M easurements  were made f o r  t h e s e  e l e c t r o d e  
c o m b i n a t i o n s  a t  a l l  p o s s i b l e  v a l u e s  of  the  chosen  
p r e s s u r e s ,  f o r  v a l u e s  o f  E /p  f o r  which the  c u r r e n t  r a t i o s  
e n a b l e d  k^ to  be c a l c u l a t e d  to an a c c u r a c y  o f  0 . 5 $  o r  
b e t t e r .
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3 .2  R e s u l t s .
T ab le  3 . 2 . 1  g i v e s  t h e  r e s u l t s  of  a l l  m e asurem en ts  made 
w i t h  t h e  l i m i t a t i o n s  d i s c u s s e d  ab o v e .  The v a l u e s  o f  f o r  
which the  c u r r e n t  r a t i o s  l a y  o u t s i d e  t h e  a c c e p t e d  v a l u e s ,  
g iv e n  i n  s e c t i o n  3 * 1 .3 ,  a r e  shown i n  b r a c k e t s  and were n o t  
u s e d  i n  c a l c u l a t i n g  a v e r a g e  v a l u e s .
The mean v a l u e  of  k^ g i v e n  f o r  any E / p  was o b t a i n e d  by 
a v e r a g i n g  a l l  r e s u l t s  o v e r  a l l  v a l u e s  o f  p r e s s u r e  and geom et ry  
o f  the  d i f f u s i o n  chamber .  The R.M.S.  d e v i a t i o n  from t h e s e  
a v e r a g e s  was a lw ay s  l e s s  t h a n  0 . 5 $  and i s  o f  the  o r d e r  o f  
0 . 3 $  o r  l e s s  f o r  a l l  E/p  > 0 . 2  V cm mm Hg . The l a r g e s t  
d i s c r e p a n c y  w i t h i n  the  c o m p le te  t a b l e  f o r  any g iv e n  v a l u e  o f  
E/p  i s  1$.
An a n a l y s i s  o f  p o s s i b l e  s o u r c e s  of  e r r o r  i s  g iv e n  i n  the
n e x t  s e c t i o n
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TABLE 3 . 2 . 1.
HYDROGEN
T a b l e  o f  k .  a g a i n s t  E / p  ( V o l t s / c m / m m  Hg)  a t  2 9 3 ° K .
b / h  0 . 0 5  0 . 1
E / p  P 3_____________ ^
0 . 1 0
0 . 1 5
0 . 2 0
0 . 3 0
0 . 4 0
0 . 5 0
0 . 6 0 ( 6 . 2 2 ) 6 . 2 3
0 . 7 0 ( 7 . 0 7 ) 7 . 0 6
0 . 8 0 ( 7 . 8 7 ) 7 . 8 4
0 . 9 0 ( 8 . 6 0 ) 8 . 5 9
1 . 0 0 ( 9 . 3 1 ) 9 . 2 9
1 . 2 0 ( 1 0 . 6 8 ) 1 0 . 6 0
1 . 5 0 ( 1 2 . 3 9 )
KA•CM
1 . 8 0 ( 1 3 . 9 1 ) 1 3 . 8 8
2 . 0 0 ( 1 4 . 9 0 ) 1 4 . 8 4
2 . 4 0 ( 1 6 . 6 9 ) 1 6 . 6 5
3 . 0 0 ( 1 9 . 1 3 ) 1 9 . 0 9
4 . 0 0 ( 2 2 . 8 3 ) 2 2 . 7 4
5 .0 0
h = 10 cm.
C e n t r a l  0 . 1 5  0 . 0 5
d i s k  
e a r t h e d
5 5 10
6 . 2 2 6 . 2 1
( 3 . 5 9 )
( 4 . 4 9 )
( 5 . 3 7 )
( 6 . 2 6 )
7 . 0 5 7 . 0 6 ( 7 . 0 8 )
7 . 8 6 7 . 8 6 ( 7 . 8 8 )
8 . 6 0 8 . 6 0 ( 8 . 6 3 )
9 . 2 9 9 . 3 1 9 . 3 3
1 0 . 6 0 1 0 . 6 2 1 0 . 6 5
1 2 . 3 7 1 2 . 4 0 1 2 . 4 0
1 3 . 9 3 1 3 . 9 8 1 3 . 9 6
1 4 . 8 9 1 4 . 9 5 1 4 . 9 5
1 6 . 6 7 1 6 . 7 4
1 9 . 1 1 1 9 . 2 3
2 2 . 7 9 2 2 . 8 4
0 . 1 0
10
3 . 5 8
4 . 4 7
5 . 3 5
6 . 2 3
7 . 0 7
7 . 8 5
8 . 6 0
9 . 3 2
1 0 . 6 4
1 2 . 3 8
1 3 . 9 3
1 4 . 9 1
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TABLE 3«2 . 1 . (C o n t i n u e d )
HYDROGEN
T ab le  o f  k^ a g a i n s t  E /p  (Volt s /cm/m m Hg) a t  29 3 °K.
h = 10 cm.
b / h C e n t r a l
d i s k
e a r t h e d
0 . 1 5 0 . 0 5 0 , 1 0 C e n t r a l
d i s k
e a r t h e d
0 . 0 5
p
e / p
10 10 20 20 20 40
0 . 1 0 1.81
0 . 1 5 2 .2 5 2 .26 2 .26 2 .2 4
0 . 2 0 2 .6 7 2 .69 2 .68 2 .6 7
0 . 3 0 3 .57 3.56 3.56 3 .57 3 .55 3 .55
0 . 4 0 4 .45 4 .4 5 4 .45 4.45 4 .4 4 4 .45




6.21 6 .2 2 6.21 6 .20 6 .2 0 6 .2 2
0 . 7 0 7 . 0 4 7 . 0 5 7 . 0 5 7 .0 5 7 .06
0 .8 0 7 . 8 5 7 . 8 7 7 . 8 4 7 . 8 5 7 .86
0 . 9 0 8 . 6 0 ( 8 . 6 5 ) 8 . 5 9 8 . 6 0 8 . 5 9
1.00 9 .2 9 ( 9 . 3 6 ) 9 .3 0 9 .2 9 9 .29
1 . 2 0  10.61
1.50 12.36
1.80  13 .92
2 .0 0  14 .87  
2 .40
3 .00
4 . 0 0
5 .0 0
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TABLE 3« 2 . 1 . ( C o n t i n u e d )
HYDROGEN
T a b l e  o f  k^ a g a i n s t  E / p  ( V o l t s / c m / r a m
h  = 5 cm .
b / h  0 . 1 0  0 . 2 0  0 . 1 0
E / p  P 5 5 10
Hg) a t  2 9 3 ° K.
0 . 1 0  0 . 1 0
20 40
0 . 1 0 1 . 8 2
0 . 1 5 2 . 2 7 2 . 2 4
0 . 2 0 2 . 6 9 2 . 6 7
0 . 3 0 3 . 5 8 3 . 5 7 3 . 5 6
0 . 4 0 4 . 4 7 4 . 4 7 4 . 4 6
0 . 5 0 5 . 3 6 5 . 3 6 5 . 3 6
0 . 6 0 ( 6 . 3 0 ) 6 . 2 3 6 . 2 4 6 . 2 4 6 . 2 4
0 . 7 0 ( 7 . 1 3 ) 7 . 0 9 7 . 0 9 7 . 0 9 7 . 1 0
0 . 8 0 ( 7 . 9 3 ) 7 . 8 9 7 . 8 8 7 . 8 9 7 . 8 8
0 . 9 0 8 . 6 6 8 . 6 4 8 . 6 4 8 . 6 6 8 . 6 4
1 . 0 0 9 . 3 6 9 . 3 1 9 . 3 4 9 . 3 6 9 . 3 5
1 . 2 0 1 0 . 7 1 1 0 . 6 2 1 0 . 6 5 1 0 . 6 5
1 . 5 0 1 2 . 4 5 1 2 . 4 1 1 2 .  40 1 2 . 4 3
1 . 8 0 1 4 . 0 1 1 3 . 9 3 1 3 . 9 6 1 4 . 0 0
2 . 0 0 1 4 . 9 7 1 4 . 9 1 1 4 . 9 4 1 4 . 9 8
2 .  40 1 6 . 7 8 1 6 . 6 7 1 6 . 7 5
3 . 0 0 1 9 . 2 3 1 9 . 2 2 1 9 . 2 4
4 . 0 0 2 2 . 9 6 2 2 . 8 9 2 2 . 9 9
5 . 0 0 2 6 . 0 8 2 6 . 2 4
35
TABLE 5 * 2 , 1 . ( C o n t i n u e d )
HYDROGEN
Tab le  o f  a g a i n s t  E /p  ( V o l ts / cm /m m  Hg) a t  293°K.




0 . 2 5
5





0.  10 1.81 -  0 . 5 $ 0 .0 4 57
0 .1 5 2 .27 2.26  -  0 . 6 $ 0 .0570
0 .2 0 2 .69 2 .6 8  -  0 . 4 $ 0 .0677
0 .3 0 3.58 3 .56 3.56 -  0 . 6 $ 0 .0 899
0 .4 0 • 4 .45 4 .45 4 .45  -  0 . 5 $ 0 .1 1 2
0 .5 0 5 .33 5 .3 4 5 .35  -  0 . 4 $ 0 .1 3 5
0 .6 0 6 .2 3 6.21 6 .2 2 6 .2 2  -  0 . 3 $ 0 .157
0 .7 0 7 .0 7 7 .0 7 7 .0 7  ± 0 . 4 $ 0 .1 7 9
0 .8 0 7 .87 7 . 8 4 7 .8 6  ± 0 . 4 $ 0 .198
0 .9 0 8 .6 2 8 .5 9 8 . 6 2  *  0 . 5 $ 0 .2 1 8
1.00 9 .3 4 9 .2 9 9 .3 2  ± 0 . 4 $ 0 .235
1.20 10.67 10.61 10 .64  ± 0 . 6 $ 0 .2 6 9
1.50 12.40 12.36 12.39 ± 0 . 5 $ 0 .3 1 3
1.80 13.97 13 .94 13.95  ± 0 . 5 $ 0 .3 5 2
2 .00 14.93 14.86 14.92  ± 0 . 5 $ 0 .377
2. 40 16.72 16.72 16.71 ± 0 . 4 $ 0 .4 2 2
3 .00 19.21 19.20 19.19 ± 0 . 5 $ 0 .4 8 5
4 .0 0 22.88 2 2 .9 3 22 .88  ± 0 . 6 $ 0 .578
5 .00 26.26 2 6 .12 26.17  *  0 . 4 $ 0 .5 6 0
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3.3 Discussion of possible errors.
In the previous section, values of are given for 
hydrogen for a series of values of E/p. The purpose of this 
section is to give an assessment of the possible sources of 
error encountered during these measurements. The factors 
considered include:
(i) Axial alignment
(ii) Finite size of the source hole
(iii) Uniformity of the field
(iv) Surface effects at the electrodes
(v) Presence of negative ions
(vi) Temperature
(vii) Solution errors
(viii) Space charge repulsion.
3»3«1 Axial alignment.
Due to the cylindrical symmetry of the apparatus and 
of the distribution of current over the lower electrode, 
the axial alignment of the source hole relative to the 
receiving electrode and, to a lesser extent, to the guard 
rings has a marked effect on the electron distribution 
over the receiving electrode.
In the present apparatus the provision of a movable 
electrode makes accurate alignment much more difficult 
than in a rigid assembly. However, as described in 
section 2.1, the construction of the apparatus was such
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t h a t  any e r r o r s  i n  a l i g n m e n t  were k e p t  to  a minimum.
To o b t a i n  an  e s t i m a t e  of  t h e  e f f e c t  o f  any 
m i s a l i g n m e n t ,  a  s e r i e s  of  n u m e r i c a l  i n t e g r a t i o n s  was 
c a r r i e d  o u t  to d e t e r m i n e  t h e  e f f e c t  on R, the  c u r r e n t  
r a t i o ,  o f  such  a m i s a l i g n m e n t .  Th is  i n t e g r a t i o n  was 
programmed f o r  t h e  1620 com pu te r  and f i g u r e  3.3*1 shows 
a t y p i c a l  r e s u l t ,  t h e  v a l u e s  o f  R b e i n g  p l o t t e d  a g a i n s t  
t h e  d i s t a n c e  o f  t h e  s o u r c e  from the  a x i s  ( i n  c e n t i m e t r e s )  
f o r  v a l u e s  o f  h = 10, b = 0 .5»  and X = 5.
In  f i g u r e  3 . 3 . 2  t h e  p e r c e n t a g e  e r r o r  i n  X c a u s e d  by 
a m i s a l i g n m e n t  o f  0 . 0 2 0  cm (w h ich  was c o n s i d e r e d  to be an 
u p p e r  l i m i t  f o r  t h i s  a p p a r a t u s ) ,  i s  p l o t t e d  a g a i n s t  the  
c u r r e n t  r a t i o  R f o r  a  c o m b i n a t i o n  o f  v a l u e s  o f  b and h .
I t  i s  e x p e c t e d  t h a t  e r r o r s  w i l l  be everyw here  l e s s  t h a n  
t h i s ,  a s  i s  b o rn e  o u t  by t h e  r e s u l t s  g iv e n  i n  t a b l e  3 . 2 . 1 .
3 . 3 . 2  F i n i t e  s i z e  o f  th e  s o u r c e  h o l e .
A s s o c i a t e d  w i th  t h e  p rob lem  d i s c u s s e d  i n  th e  p r e v i o u s  
s e c t i o n  i s  t h e  e r r o r  i n t r o d u c e d  i n t o  t h e  r e s u l t s  by t h e  
f i n i t e  s i z e  o f  th e  s o u r c e  o f  e l e c t r o n s .  By an e x t e n s i o n  
o f  t h e  method o f  s e c t i o n  3*3.1  an  u p p e r  l i m i t  to  t h i s  
e r r o r  was f o u n d .
I t  was assumed t h a t  t h e  e l e c t r o n  c o n c e n t r a t i o n  a t  a l l  
p o i n t s  a c r o s s  th e  s o u r c e  o f  r a d i u s  g was u n i f o r m ;  th e  
s o u r c e  was t h e n  t r e a t e d  a s  a number of  a n n u l a r  r i n g s  o f  






the source is not known, but it would be expected that 
the boundary condition n = 0 would hold at the outer 
edge of the source hole. This would result in a much 
smaller contribution of electrons per unit area from the 
outer annuli of the source hole than from annuli nearer 
the centre. The actual error should therefore be 
smaller than that obtained assuming uniform concentration.
In the apparatus used, the source diameter was 1 mm 
and was therefore considered as composed of a series of 
annuli whose outer radii lay between 0 and 0.05 cm.
Each ring was considered as a ring of off-axis point 
sources and using the computer programme of section 3•3•1 
the net value of R was calculated. From these values the 
percentage error in \ caused by assuming a hole of 0.05 cm 
radius to be a point source was plotted against the current 
ratio R for combination of values of b and h. These 
graphs are shown in figure 5*3»3.
It is to be noticed that, with the assumption made 
above of uniform electron concentration over the source 
hole, a variation in the value of \ would be detectable 
in current measurements made at b = 0.5* However, lack 
of any significant trend of this nature betv/een values 
measured with b = 0.5 and with other values of b as shown 
in table 3.2.1 indicates that the assumption is an over­
estimate and that the errors are much less than those
C u rv e  1; h» i ,b * 0 * S  
7 ; h i 5 , h * 0 '5  
h . 10, b«0*3 
»; h» 10, b» 1-0 






shown i n  f i g u r e  3 • 3 •3 •
The method o f  Warren and P a r k e r  ( 1 9 6 2 ) ,  which makes 
a l l o w a n c e  f o r  t h e  f i n i t e  s i z e  o f  th e  s o u r c e  h o l e  w i t h i n  
th e  d e r i v a t i o n  of  R, u s e s  a s i m i l a r  a s s u m p t i o n  and 
c o n s e q u e n t l y  a l s o  g i v e s  o n ly  an  u p p e r  l i m i t  f o r  th e  
i n f l u e n c e  o f  t h i s  e f f e c t .
3 . 3 . 3  U n i f o r m i t y  o f  the  e l e c t r i c  f i e l d .
The form o f  g u a rd  r i n g s  u sed  i n  t h i s  a p p a r a t u s  was 
o r i g i n a l l y  u sed  f o r  t h o s e  i n  which h was o f  the o r d e r  o f ,  
o r  s m a l l e r  t h a n ,  the  i n t e r n a l  r a d i u s  o f  th e  g ua rd  
e l e c t r o d e s  (Crompton and S u t t o n ,  1952) and where i t  was 
th e  p a r a l l e l  end p l a t e s  which l a r g e l y  c o n t r o l l e d  the  
f i e l d ,  t h e  gua rd  e l e c t r o d e s  m e re ly  s e r v i n g  to  re d u c e  
e x t e r n a l  d i s t o r t i o n  and ’’end e f f e c t s ” . I n  th e  p r e s e n t  
a p p a r a t u s ,  however ,  h was c o n s i d e r a b l y  g r e a t e r  t h a n  t h e  
i n t e r n a l  r a d i u s  and u n d e r  t h e s e  c i r c u m s t a n c e s  the  guard  
r i n g s ,  and n o t  t h e  end p l a t e s ,  had th e  g r e a t e s t  e f f e c t  
on th e  f i e l d .  For  t h i s  r e a s o n ,  a  h i g h  o r d e r  o f  p r e c i s i o n  
was used  i n  t h e  c o n s t r u c t i o n  b o t h  o f  the sys tem of gua rd  
r i n g s  and o f  the  v o l t a g e  d i v i d e r  n e t w o r k  ( a s  d e s c r i b e d  
i n  c h a p t e r  2 ) .  T h i s  e n s u r e d  t h a t  f i e l d  d i s t o r t i o n  d id  
n o t  r e p r e s e n t  a  s i g n i f i c a n t  s o u r c e  o f  e r r o r  e x c e p t  
p o s s i b l y  f o r  m e asu re m en ts  made a t  h = 10 f o r  t h e  l o w e s t  
p r e s s u r e s  and l o w e s t  v a l u e s  o f  E /p .
F u r t h e r  work on u n i f o r m i t y  o f  f i e l d  i s  d i s c u s s e d
4 0 .
i n  s e c t i o n  7 . 1 . 1 .
3 . 3 . 4  S u r f a c e  e f f e c t s .
S in c e  th e  d i s t r i b u t i o n  of  t h e  e l e c t r o n  s t r e a m  a t  t h e  
r e c e i v i n g  e l e c t r o d e  i s  d ep en d e n t  to  a v e ry  g r e a t  d e g r e e  
on t h e  u n i f o r m i t y  o f  t h e  a p p l i e d  e l e c t r i c  f i e l d ,  any 
d i s t o r t i o n s  i n  t h i s  f i e l d  due t o  n o n - u n i f o r m  s u r f a c e  
p o t e n t i a l s  can have a l a r g e  e f f e c t  on t h e  measured  c u r r e n t  
r a t i o s ,  p a r t i c u l a r l y  where the  a p p l i e d  f i e l d  E i s  s m a l l .
To r e d u c e  the  c o n t a c t  p o t e n t i a l  v a r i a t i o n s  w i t h i n  t h e  
chamber and p a r t i c u l a r l y  a c r o s s  t h e  s u r f a c e  of the  
r e c e i v i n g  e l e c t r o d e ,  a l l  m e t a l  s u r f a c e s  w i t h i n  the  
a p p a r a t u s  were go ld  p l a t e d .  The c o n t a m i n a t i o n  o f  
s u r f a c e s  by o r g a n i c  m a t e r i a l s  such  a s  pump o i l s  and t a p  
g r e a s e s  can a l s o  l e a d  to th e  f o r m a t i o n  o f  c h a rg e d  l a y e r s  
on the s u r f a c e s  and f o r  t h i s  r e a s o n  c a r e  was a lw ay s  t a k e n  
to  keep  t h e s e  c o n t a m i n a n t s  to a minimum by th e  u s e  o f  
l i q u i d  a i r  t r a p s .
D e s p i t e  t h e  p r e c a u t i o n s  t a k e n ,  e f f e c t s  were n o t e d  
which can be a t t r i b u t e d  to t h e s e  c a u s e s .  As an example ,  
the  v a l u e  o f  R m easured  a t  h = 10, b = 1 . 5 ,  p = 5 and 
E/p  = 0 . 6  was found  to  be 0 .661  i f  the  m easurem en t  was 
made a s  th e  i n i t i a l  one o f  a s e r i e s .  However,  when the  
measurement  was made f o l l o w i n g  o t h e r s  a t  h i g h e r  v a l u e s  of  
E /p  (up to  E /p  = 4 . 0 ) ,  R was found to  be 0 . 6 7 0 .  Over a 
p e r i o d  o f  th e  o r d e r  o f  h a l f  an  h o u r  R s lo w ly  r e v e r t e d  to
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i t s  o r i g i n a l  v a l u e  o f  0 . 6 6 1 .  T h i s  e f f e c t  was q u i t e  
r e p r o d u c i b l e  and c o u ld  n o t  be a t t r i b u t e d  to v a r i a t i o n s  
i n  t e m p e r a t u r e ,  p r e s s u r e  o r  g a s  p u r i t y ,  n o r  to  e x t r a n e o u s  
e f f e c t s  i n  th e  e l e c t r o m e t r y .
The v a l u e s  of  R q u o te d  i n  t a b l e  3 . 2 . 1  were alv/ays 
m easured  by commencing w i t h  th e  l o w e s t  v a l u e  o f  f i e l d  
s t r e n g t h ,  where any e r r o r  c a u s e d  by p o t e n t i a l  e f f e c t s  i s  
mos t  l i k e l y  to  be p r o n o u n c e d .  I n  t h i s  way i t  was hoped 
to  m easu re  R u n d e r  c o n d i t i o n s  o f  minimum e r r o r .  That  
t h i s  was a c h i e v e d  i s  shown by th e  c o n s i s t e n c y  o f  r e s u l t s  
g iv e n  i n  t a b l e  3*2.1 s i n c e ,  f o r  a g iv e n  v a l u e  o f  E /p ,  
t h i s  e f f e c t  d i m i n i s h e s  as  t h e  e l e c t r i c  f i e l d  i s  r a i s e d ,  
any e r r o r s  from t h i s  s o u r c e  would l e a d  to d i s a g r e e m e n t  
be tween  r e s u l t s  t a k e n  u n d e r  d i f f e r e n t  e x p e r i m e n t a l  
c o n d i t i o n s .
I t  would a p p e a r ,  t h e r e f o r e ,  t h a t  w i t h  t h e  p r e c a u t i o n s  
t a k e n ,  e r r o r s  o f  t h i s  t y p e  l i e  w i t h i n  t h e  a c c u r a c y  o f  
m easu re m en t .
3*3 .5  P r e s e n c e  o f  n e g a t i v e  i o n s .
Due to  t h e  v e r y  l a r g e  d i f f e r e n c e s  which may e x i s t  i n  
the  v a l u e s  o f  w/ d , and hence  o f  k ^ , f o r  n e g a t i v e  i o n s  and 
e l e c t r o n s ,  the  p r e s e n c e  o f  the  f o r m e r  can cause  l a r g e  
changes  i n  t h e  a p p a r e n t  d i s t r i b u t i o n  of  e l e c t r o n  c u r r e n t  
a t  th e  r e c e i v i n g  e l e c t r o d e .  Hence a v e ry  s e n s i t i v e  t e s t
f o r  th e  d e t e c t i o n  o f  n e g a t i v e  i o n s  i s  t h e  measurement  o f
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at given values of E/p for various combinations of b 
and h and in particular with the central disk earthed.
Negative ions may be generated from the filament 
itself or by attachment within the gas. Experience has 
shown that the use of uncoated platinum filaments produces 
an ion-free stream of electrons while attachment of 
electrons in hydrogen at the values of E/p used is 
negligible.
A comparison of the results in table 3*2.1, 
particularly between those obtained with the central disk 
earthed and the remaining values, indicates that there is 
no significant variation in the value of k^  which could 
be attributed to the presence of negative ions.
3*3*6 Temperature effects.
Of all the possible errors considered here, with the 
exception of surface effects, temperature variation 
provides the greatest non systematic error and can give a 
large variation in results.
The effect of temperature may conveniently be 
divided into two:
(a) Where the energy of the electrons is greatly in
excess of the gas molecules, that is, k^  is 
very much greater than 1.
(b) Where the energies of the electrons and the gas
molecules are almost equal, that is, k^  is
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n e a r l y  e q u a l  to  1*
(a )  When i s  l a r g e .
For  a g i v e n  e/ n (where  N i s  t h e  m o l e c u l a r  number 
d e n s i t y ) ,  -g m"c  ^ i s  v e r y  much g r e a t e r  t h a n  g- MC^ and 
t h e r e f o r e  v i r t u a l l y  i n d e p e n d e n t  o f  g Mc" ;^ 
c o n s e q u e n t l y  2 me- i s  i n d e p e n d e n t  o f  t e m p e r a t u r e .  
Under t h e s e  c o n d i t i o n s  i s  i n v e r s e l y  p r o p o r t i o n a l  
to  -g Mc"  ^ and hence  i n v e r s e l y  p r o p o r t i o n a l  to  th e  
t e m p e r a t u r e  T. how ever ,  b e i n g  i n d e p e n d e n t  o f
2 MC^, i s  i n d e p e n d e n t  o f  T.
(b )  When i s  s m a l l .
For  k^ a p p r o a c h i n g  1, g me i s  a l m o s t  e q u a l  to  and 
d i r e c t l y  d e p e n d e n t  upon -jg- MC^, hence  b o t h  g mc^ and 
2 MC  ^ a r e  d i r e c t l y  p r o p o r t i o n a l  t o  T.
I n  t h i s  r e g i o n  t h e r e f o r e ,  k^ i s  i n d e p e n d e n t  o f  
t e m p e r a t u r e ,  and i n  f a c t  t e n d s  t o  t h e  v a lu e  1 w h i le  
dA a v a r i e s  d i r e c t l y  w i t h  t e m p e r a t u r e .
I n  th e  e x p e r i m e n t s  d e s c r i b e d  h e r e  how ever ,  t h e  
p r e s s u r e  p ,  was h e l d  c o n s t a n t  a l l o w i n g  N to  va ry  i n v e r s e l y  
w i t h  t e m p e r a t u r e .  S in c e  g- mc^ i s  a p p r o x i m a t e l y  
p r o p o r t i o n a l  to  e/ n when k^ i s  v e r y  l a r g e ,  -g mc^ i s 
a p p r o x i m a t e l y  p r o p o r t i o n a l  to  T. Combin ing  t h i s  w i th  
th e  p r e v i o u s  e f f e c t  f o r  t h e s e  p a r t i c u l a r  c o n d i t i o n s ,  k^ 
i s  i n d e p e n d e n t  o f  T f o r  l a r g e  k^ and D/yU_ i s  d i r e c t l y  
p r o p o r t i o n a l  to  T i n  t h e  same r e g i o n .  I t  i s  s t i l l
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necessary, however, that the temperature should be
controlled and measured accurately.
The use of a heated platinum filament has the great
disadvantage in that it provides a source of heat inside
the apparatus which, although small, may set up temperature
gradients within the apparatus. This was demonstrated in
a further apparatus, equipped with thermocouple, described
again in section 9.1.1? where it was found that the
temperature near the filament could increase by 5°C in 20
minutes while the receiving electrode remained at a stable
otemperature to within 0.2 C.
A further apparatus, similar to the one used in this
work, included a water cooling jacket about the filament
and a thermocouple so that the temperature could be
controlled accurately. Under these conditions
o omeasurements were made in hydrogen at both 15 C and 20 C 
for E/p = 0.1, 0.2 and 0.4 V cm mm Hg . Although the 
current ratios were appreciably different, the values of 
k^  obtained at the two temperatures differed by less than 
0.5$. It was of course necessary to know the temperature 
accurately to calculate the values of k^  from the measured 
current values despite the fact that, in this case, k^  
was independent of temperature.
The apparatus in which the current set of results was 
taken, however, had no provision for such water cooling
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and s o ,  to  keep  t e m p e r a t u r e  v a r i a t i o n s  to a minimum and 
t o  m a i n t a i n  r e p r o d u c i b i l i t y  of  r e s u l t s ,  t h e  l a b o r a t o r y  
was h e l d  c o n s t a n t  a t  20°C and t h e  f i l a m e n t  o n ly  run  f o r  
s h o r t  p e r i o d s  o f  t ime d u r i n g  th e  m e a s u r i n g  o f  each  c u r r e n t  
r a t i o *  However, some o f  th e  random e x p e r i m e n t a l  e r r o r s  
can be a t t r i b u t e d  to t e m p e r a t u r e  as  i t  i s  n o t  p o s s i b l e  to 
m a i n t a i n  t h e  t e m p e r a t u r e  w i t h i n  the  a p p a r a t u s  c o n s t a n t  to  
b e t t e r  t h a n  2 o r  3°C.
3«3*7 S o l u t i o n  e r r o r s .
I n  s e c t i o n  1.6 t h e  d i f f u s i o n  e q u a t i o n  was s o lv e d  and 
th e  r a t i o  o f  t h e  c u r r e n t s  to the  two s e c t i o n s  o f  the  
r e c e i v i n g  e l e c t r o d e  found  to b e : -
( i )  U s ing  t h e  p o l e  s o l u t i o n ,  s = 0
R h e- X ( d - h )
d ( 1 . 6 . 3 )
( i i )  U s i n g  the  d i p o l e  s o l u t i o n ,  s = 1
h ( h h 1 \ - X ( d -h )  / c
1 -  d ( I  + ~ 2  6 U . 6 . 5 )
h /h  1 / h \ x
"  d ( d '  I h  (1 “ 5d
- X ( d -h )
E q u a t i o n  ( 1 . 6 . 3 )  was d e r i v e d  by c o n s i d e r i n g  the  
s o u r c e  to  be an i s o l a t e d  p o le  s o u r c e  of  e l e c t r o n s  w h i le  
e q u a t i o n  ( 1 . 6 . 5 )  r e s u l t s  from c o n s i d e r i n g  th e  s o u r c e  to 
be a d i p o l e  a t  t h e  o r i g i n  w i t h  n = 0 o v e r  t h e  p l a n e  h = 0
e x c e p t  a t  t h e  o r i g i n .  Boundary  c o n d i t i o n s  t h e r e f o r e
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i n d i c a t e  t h a t  e q u a t i o n  ( 1 . 6 . 5 )  i s  t h e  c o r r e c t  s o l u t i o n .  
However,  i t  h a s  been  shown e x p e r i m e n t a l l y  i n  th e  p a s t  
t h a t  e q u a t i o n  ( 1. 6 , 3 ) i s  t h e  s o l u t i o n  which i s  a p p l i c a b l e  
t o  t h i s  p rob lem (Huxley  and Crompton,  1955) .  Due to  the  
wide c h o i c e  o f  p a r a m e t e r s  b and h a v a i l a b l e  i n  t h e  p r e s e n t  
work,  i t  was p o s s i b l e  to  check  s t i l l  f u r t h e r  t h a t  th e  
e m p i r i c a l  s o l u t i o n  e q u a t i o n  ( 1. 6 *3 ) a p p l i e s .
A com p ar i so n  o f  e q u a t i o n s  ( 1 . 6 . 3 ) and ( 1 . 6 • 5 )  shows 
t h a t  t h e  g r e a t e s t  d i s c r e p a n c y  b e t w e e n  the  two s o l u t i o n s
1
2 2 Itw i l l  o c c u r  f o r  s m a l l  v a l u e s  of  h / d  ( h / d  = h / ( h  + b  ) <  1)
and s m a l l  v a l u e s  o f  Xh. Hence a t  l a r g e  v a l u e s  o f  h ,  the
form o f  s o l u t i o n  w i l l  make l i t t l e  s i g n i f i c a n t  d i f f e r e n c e
to k^ w h i l e ,  f o r  a  g i v e n  b ,  the  l a r g e s t  d i s c r e p a n c i e s
be tw een  X ( u s i n g  e q u a t i o n  ( 1. 6 . 3 ) )  and X ( u s i n g  e q u a t i o n  
P ^
( 1 . 6 . 5 ) )  w i l l  o c c u r  f o r  t h e  s m a l l e s t  v a l u e  o f  X where h i s  
l e  a s t •
I n  f i g u r e  3 . 3 . 4  (X -  X ^) /x^  x 100 i s  p l o t t e d  a g a i n s t  
R f o r  b = 0 . 5  and h e q u a l  to  2 and 10.
For h = 10 th e  d i s c r e p a n c y  i s  eve ryw here  s m a l l ;  a t  
R = 0 . 1 ,  Eh/k^ = 4 and t h e  d i f f e r e n c e  i s  o f  th e  o r d e r  o f  
1 .3 $  w h i le  f o r  R > 0 . 4 ,  Eh/k^ )> 20 th e  d i f f e r e n c e  i s  
l e s s  t h a n  0 . 2 5 $ .  The n a t u r e  o f  th e  s o u r c e  and t h e  
s o l u t i o n  a r e  t h u s  u n i m p o r t a n t  when h = 10 and E h /k  ^  20.
The u p p e r  cu rve  shows,  how ever ,  t h a t  t h e  d i f f e r e n c e  
be tw ee n  th e  two s o l u t i o n s  f o r  h = 2 i s  much g r e a t e r .
47.
It follows that the choice of the correct solution 
can be made by either:
(i) Comparing values obtained with both solutions
with those obtained for h = 10 cm; or
(ii) for a given E/p comparing values at varying
pressures (taking values, therefore, over a 
wide range of Eh/k^).
In the present experiments the conditions were such
that, for h = 2 cm, the minimum value of Eh/k^ used v/as
just less than 1.0 (corresponding to R = 0.47) which
 ^ *1occurred when p = 5 mni Hg and E/p = 0.6 V cm mm Hg 
The analysis of this result using the alternative 
expressions for R leads to the largest discrepancies.
On the other hand, a result was taken at the same value 
of E/p for h = 10 cm and p = 40 mm Hg with Eh/k^ 
approximately 40 (corresponding to R = O.63). Figure 
3.3.4 shows that the discrepancy arising from the use of 
the alternative expressions for the evaluation of this 
result is of the order of only 0.1$ so that this result 
can be used as a standard for comparison.
The superiority of equation (1.6.3) is demonstrated 
well by table 3.3*1 where all the measurements made at 
E/p =0.6 volts cm mm Hg for h = 2 and h = 10 cm and 
for all values of p used are analysed using the two 
different solutions. It is obvious that the results
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calculated using equation (1.6.3) are in very good 
agreement while discrepancy in those from using equation 
(1.6.5) is very marked.
TABLE 5.5.1.
Values of k^  obtained using alternate solutions.
(mm Hg) 5 10 20 40
(a) Results using equation (1.6.3)
h = 10 (6.22) 6.26 6.21 6.22
h = 2 6.23 6.21 6.22
(b) Results using equation (1.6.5)
h = 10 6.29 6.29 6.22 6.23
h = 2 6.62 6.39 6.31
A further example of this superiority is shown in 
table 3«3»2 where results at h = 2 cm are given, 
calculated using the two formulae. The upper value is 
claculated using the dipole solution (1.6.5) while the 
lower consistent values are derived from the pole 
solution (1.6.3).
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TABLE 3 . 3 . 2 .
Comparison of r e s u l t s  f o r  h = 2 cm u s i n g  a l t e r n a t i v e  s o l u t i o n .
e / p P =  5 p  = 10 p =  20
0 . 1 5 2 . 3 2
2 . 2 7
o • ro 2 . 7 4
2 . 6 9
0 . 3 3 . 7 0
3 . 5 7
3 . 6 1
3 . 5 6
0 . 4 4 . 5 8
4 . 4 5
4 . 5 2
4 . 4 5
0 . 5 5 . 4 9
5 . 3 3
5 . 4 2
5 . 3 4
0 . 6 6 . 6 2
6 . 2 3
6 . 3 9 ’
6 . 2 1
6 . 31 
6 . 2 2
0 . 7 7 . 4 9
7 . 0 7
7 . 2 7
7 . 0 7
0 . 8 8 . 3 4
7 . 8 7
8 . 0 4
7 . 8 4
0 . 9 9 . 1 18 . 6 2
8 . 8 1
8 . 5 9
1 . 0 9 . 8 7
9 . 3 4
9 . 5 1
9 . 2 9
1 . 2 1 1 . 2 01 0 . 6 7
1 0 . 8 5
1 0 . 6 1
1 . 5
1 2 . 9 6
1 2 . 4 0
1 2 . 6 2
1 2 . 3 6
1 . 8 1 4 . 5 71 3 . 9 7
1 4 . 2 4
1 3 . 9 4
2 . 0 1 3 . 5 5
1 4 . 9 3
1 5 . 1 7
1 4 . 8 6
2 . 4 1 7 . 3 5  1 7 . 2 2
1 7 . 0 3
1 7 . 2 2
3 . 0
1 9 . 8 8
1 9 . 2 1
1 9 . 4 7
1 9 . 2 0
4 . 0 2 3 . 5 82 2 . 8 8
2 3 . 2 6
2 2 . 9 3
5 . 0
2 7 . 0 1
2 6 . 2 6
2 6 . 5 2
2 6 . 1 2
5 0 .
3 .3*8  Space  c h a r g e  r e p u l s i o n .
To r e n d e r  n e g l i g i b l e  t h e  e f f e c t  o f  space  ch a rg e
r e p u l s i o n  w i t h i n  t h e  e l e c t r o n  s t r e a m ,  t h e  t o t a l  c u r r e n t
-1  2w i t h i n  the  chamber  was r e s t r i c t e d  to a b o u t  3 x 10 amp.
M easurements  were made u n d e r  c e r t a i n  c o n d i t i o n s  to  check
the  e f f e c t  o f  t h i s  by o p e r a t i n g  w i th  c u r r e n t s  o f  1 and 
-124 x 10 amp. No change i n  t h e  v a l u e  o f  R c o u l d  be 
d e t e c t e d .
3 .4  Comparison of  r e s u l t s .
The r e s u l t s  o f  t a b l e  3 . 2 . 1  a r e  compared w i th  t h o s e  o f  
e a r l i e r  w o rk e r s  i n  f i g u r e  3 . 4 . 1 .
The e a r l i e s t  v a l u e s  shown a r e  t h o s e  o f  Townsend and 
B a i l e y  (1921) which  show some 2% to  3$ d i s a g r e e m e n t  w i t h  the  
c u r r e n t  r e s u l t s .  R e s u l t s  q u o te d  by Townsend (1948)  however ,  
show e x c e l l e n t  a g r e e m e n t .
Crompton and S u t t o n  (1952)  m easu red  k^ a t  15°C and t h e s e  
o
were c o n v e r t e d  to 20 C b e f o r e  i n c l u s i o n  i n  f i g u r e  3 . 4 . 1 .
The d i s c r e p a n c y  b e tw ee n  the  c u r r e n t  r e s u l t s  and t h o s e  b o t h  of  
Crompton and S u t t o n  and o f  Cochran  and F o r e s t e r  (1962)  i s  
g i v e n  i n  t a b l e  3 . 4 . 1 .
§ 1 1
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TABLE 5 . 4 . 1 .
The d i s c r e p a n c y  be tw een  th e  p r e s e n t  r e s u l t s  and th o s e  o f  




S u t t o n
Cochran
and
F o r e s t e r
CM*
O
4 . 8 $ 2 5 .0 $
0 . 4 3*8 13 .2
1 .0 3 .0 5 . 4
2 .0 2 .7 3 . 4
5 .0 o • 00 2 .7
The r e s u l t s  o f  th e  p r e s e n t  i n v e s t i g a t i o n  a g r e e  w i th  t h o s e
o f  Crompton and S u t t o n  to  w i t h i n  t h e  e x p e c t e d  e x p e r i m e n t a l
""1 *1e r r o r  o f  th e  e a r l i e r  work above E /p  = 1 ,0  V cm mm Hg , b u t  
t h e  e r r o r s  a r e  somewhat l a r g e r  a t  t h e  l o w e r  v a l u e s  o f  E / p .
A number o f  f a c t o r s  may have c o n t r i b u t e d  to e r r o r s  of  t h i s
m a g n i tu d e  i n  t h e  e a r l i e r  work.  No r e s u l t s  a r e  r e c o r d e d  i n
"1 —  *1
t a b l e  3*2.1 f o r  E /p  = 0 . 1  V cm mm Hg f o r  h = 2 cm, 
c o r r e s p o n d i n g  to th e  l e n g t h  o f  t h e  l o n g e r  a p p a r a t u s  u s e d  by 
Crompton and S u t t o n .  As i n  th e  e a r l i e r  work,  i t  was found 
t h a t  t h e  c u r r e n t  r a t i o s  become l e s s  r e p r o d u c i b l e  f o r  low f i e l d  
s t r e n g t h s ,  p r e s u m a b l y  b e c a u s e  o f  the  i n f l u e n c e  o f  n o n - u n i f o r m  
s u r f a c e  p o t e n t i a l s ,  a s  d i s c u s s e d  i n  s e c t i o n  3*3*4.  To o b t a i n
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results of the accuracy claimed in the present experiments 
it is necessary to use field strengths of not less than about 
3.0 V cm  ^ so that measurements for E/p = 0.1 V cm  ^ mm Hg  ^
can be made reliably only at pressures in excess of 30 mm Hg.
The geometry of the earlier apparatus, better suited for 
measurements at low values of E/p (h = 2.0 cm, b/h = 0.25), 
and the apparatus available for measuring the current ratios, 
were such that the divergence of the electron stream would 
have been too small even at pressures considerably less than 
30 mm Hg for the ratios to be accurately determined. It was 
therefore necessary to use comparatively low pressures and to 
accept the consequent loss of accuracy resulting from the use 
of low field strengths. Furthermore, it was not possible to 
measure any of the experimental quantities with the accuracy 
possible in the present work.
The poor agreement between the present results and those 
of Cochran and Forester, at low values of E/p, is surprising 
in view of the modern techniques which have been applied in each 
case. Unfortunately, insufficient experimental detail has been 
given in the latter paper to enable possible explanations of the 
discrepancies to be advanced. For example, no indication is 
given of the pressures which were used, nor of the degree of 
self-consistency in the results taken at different pressures* 
Since, with one exception (b = 0.3 cm), the values of b and h 
for their apparatus, lie within the range of values obtainable
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i n  t h e  a p p a r a t u s  u s e d  h e r e ,  i t  i s  d i f f i c u l t  t o  s e e  how th e  
d i s c r e p a n c i e s  c o u ld  a r i s e  from d i f f e r e n c e s  i n  geo m e t ry .  The 
r e s u l t s  i n  t a b l e  3 . 2 . 1 ,  f o r  a  d i f f u s i o n  chamber  o f  l e n g t h  2 cm, 
a g r e e  w e l l  w i th  t h o s e  t a k e n  when th e  l e n g t h  was i n c r e a s e d  to  
10 cm; th e  l e n g t h  o f  th e  a p p a r a t u s  u sed  by Cochran  and 
F o r e s t e r  was 3 cm.
3 .5  D i s c u s s i o n .
M easurements  o f  th e  type  d e s c r i b e d  h e re  have b e e n  made 
f r e q u e n t l y  and a  f u r t h e r  i n v e s t i g a t i o n  may a p p e a r  r e d u n d a n t .  
However,  n e i t h e r  a  s y s t e m a t i c  d i s c u s s i o n  o f  a c c u r a c y ,  n o r  an 
i n v e s t i g a t i o n  o f  t h e  p o s s i b l e  s o u r c e s  of  e r r o r ,  ha s  been  
c a r r i e d  ou t  by any o f  the  p r e v i o u s  w o rk e r s .
I n  r e c e n t  a p p l i c a t i o n s  of  t h e  r e s u l t s  o f  swarm e x p e r i m e n t s  
a t  low v a l u e s  o f  E /p  ( f o r  exam ple ,  Huxley 1959» F r o s t  and 
P h e l p s  1961) ,  i t  h a s  b e e n  shown t h a t  th e  q u a n t i t y ,  which h a s  
assumed i m p o r t a n c e ,  i s  th e  q u a n t i t y  k^ - 1 .  S in c e  i n  t h i s  
r e g i o n ,  where k^ a p p r o a c h e s  u n i t y ,  e r r o r s  o f  a  few p e r  c e n t  
i n  t h e  v a l u e  o f  k^ become i n c r e a s i n g l y  s i g n i f i c a n t ,  an 
i n v e s t i g a t i o n  o f  t h e s e  e r r o r s ,  and an a s s e s s m e n t  o f  the  
e x p e c t e d  a c c u r a c y ,  a r e  e s s e n t i a l  b e f o r e  any r e l i a b i l i t y  can  be 
a t t a c h e d  to  th e  c o n c l u s i o n s  drawn from t h e  r e s u l t s .
F u r t h e r m o r e ,  i n  e x p e r i m e n t s  to  d e t e r m i n e  th e  m a g n e t i c  
d e f l e c t i o n  c o e f f i c i e n t ,  a s  d e s c r i b e d  l a t e r  i n  t h i s  t h e s i s ,  i t  
i s  n e c e s s a r y  n o t  o n ly  to  m easure  k^ a c c u r a t e l y ,  b u t  to p l a c e
54
an u p p e r  l i m i t  on th e  p o s s i b l e  e r r o r s  a s s o c i a t e d  w i t h  such  a 
m easu rem en t .
The t h e o r e t i c a l  a n a l y s i s  c a r r i e d  o u t  i n  s e c t i o n  3« 3 
shows c l e a r l y  t h a t  i t  i s  p o s s i b l e  to  d e s i g n  an a p p a r a t u s  i n  
which e r r o r s  i n  measurement  o f  k^ a r e  r e d u c e d  to l e s s  t h a n  1$, 
w h i le  r e s u l t s  g i v e n  i n  s e c t i o n  3*2 have d e m o n s t r a t e d  t h a t  t h i s  
o r d e r  o f  a c c u r a c y  i s  i n d e e d  p r a c t i c a b l e .
The d e s i g n  o f  t h e  a p p a r a t u s  d e s c r i b e d  i n  c h a p t e r  7 was 
b a s e d  on t h i s  a n a l y s i s ,  w i th  th e  c o n f i d e n c e  t h a t  c o u ld  t h e n  
be m easured  a c c u r a t e l y ,  w i th  a maximum e x p e c t e d  e r r o r  o f  l e s s  
t h a n  1$. T h i s  f a c t o r  i s  o f  im p o r t a n c e  i n  t h e  d e t e r m i n a t i o n
o f  the m a g n e t i c  d e f l e c t i o n  c o e f f i c i e n t ,  s i n c e  m e asu re m en ts  i n  
a  m a g n e t i c  f i e l d  a r e  d e p e n d e n t  a l s o  on th e  v a l u e  of  E h / k ^ .  
I n s p e c t i o n  o f  c a l c u l a t i o n s ,  a s  d i s c u s s e d  i n  s e c t i o n  7 .5»  shows 
t h a t  a  1$ u n c e r t a i n t y  i n  Eh/k^ w i l l  r e s u l t  i n  a 0 . 6 $  
u n c e r t a i n t y  i n  the  m a g n e t i c  d e f l e c t i o n  c o e f f i c i e n t .
F o l l o w i n g  the  a n a l y s i s  o f  t h i s  c h a p t e r ,  t h e s e  m e asu re m en ts  can 
t h e r e f o r e  be made w i th  th e  knowledge t h a t  th e  g r e a t e s t  e r r o r  
r e s u l t i n g  from i n a c c u r a c y  i n  k^ m e a su re m e n t s ,  w i l l  be  o f  the  
o r d e r  o f  0 . 6 $ .
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CHAPTER 4
MEASUREMENTS IN GASES IN WHICH ELECTRON 
ATTACHMENT OCCURS.
4.1 I n t r o d u c t i o n .
The methods  d e s c r i b e d  i n  th e  p r e v i o u s  c h a p t e r s  can a l s o
be a p p l i e d  to m easu re  i n  g a s e s  where t h e  a t t a c h m e n t
c o e f f i c i e n t  a i s  n o t  z e r o .  I n  a d d i t i o n ,  v a l u e s  o f  th e  a
a t t a c h m e n t  c o e f f i c i e n t  i t s e l f  a r e  d e t e r m i n e d  c o n c u r r e n t l y  so 
t h a t  th e  method i s  u n i q u e  i n  e x p e r i m e n t s  o f  t h i s  t y p e .
A l though  t h i s  c h a p t e r  does  n o t  form an  i n t e g r a l  p a r t  o f  t h e  
p r o j e c t  o f  t h i s  t h e s i s ,  t h i s  work can  be c o n v e n i e n t l y  d e s c r i b e d  
a t  t h i s  p o i n t  a s  an e x t e n s i o n  o f  t h e  method  d e t e r m i n i n g  k ^ , 
d i s c u s s e d  e a r l i e r .
P r e v i o u s  work on a t t a c h m e n t  i n  g a s e s  by t h i s  and o t h e r  
methods  h a s  been  d i s c u s s e d  e x t e n s i v e l y  by Bagot ( i 9 6 0 )  and w i l l  
n o t  be d e a l t  w i t h  h e r e .
M easurements  made h e r e  were r e s t r i c t e d  to  t h o s e  i n  w a te r  
v a p o u r  and v a l u e s  o f  k^ and a a / P  o v e r  a  wide  r a n g e  o f  v a l u e s  
o f  E /p  a r e  g i v e n  i n  s e c t i o n s  4 .5  and 4 . 6 .  R e s u l t s  were t a k e n
5 6 .
w i t h  the  aim o f  p r o d u c i n g  an o v e r a l l  p i c t u r e  o f  th e  v a l u e s  of  
and a a/ P  i n  w a t e r  v ap o u r  w i t h o u t  a t t e m p t i n g  to  o b t a i n  th e  
h i g h e r  a c c u r a c y  a c h i e v e d  i n  h yd rogen  and o t h e r  g a s e s .
4•2 P r e v i o u s  work done i n  w a t e r  v a p o u r .
The f i r s t  r e c o r d e d  m e asu re m en ts  i n  w a t e r  v a p o u r  a r e  t h o s e  
o f  B ra d b u ry  ( 1932,  1933) who u sed  a method b a s e d  on t h a t  o f  
C r a v a t h  ( 1 9 2 9 ) » E i t h e r  of  two g r i d s ,  be tw ee n  the  a d j a c e n t
w i r e s  o f  which a h ig h  f r e q u e n c y  f i e l d  was a p p l i e d ,  c o u ld  be 
i n t e r p o s e d  be tw een  th e  s o u r c e  of  e l e c t r o n s  and the  r e c e i v i n g  
e l e c t r o d e ,  t h e r e b y  rem ov ing  mos t  o f  t h e  e l e c t r o n s  and a l l o w i n g  
t h e  i o n s  to  p a s s  t h r o u g h .  B r a d b u r y f s r e s u l t s ,  however ,  a r e  
g i v e n  a s  v a l u e s  of  t h e  p r o b a b i l i t y  o f  a t t a c h m e n t  and n o t  o f  
a / p .
U s i n g  t h e  l o n g i t u d i n a l  m a g n e t i c  f i e l d  method o f  B a i l e y  
( 1 9 3 0 ) ,  B a i l e y  and Duncanson (1 9 3 0 )  d e t e r m in e d  v a l u e s  o f  k^
and t tg/P i n  w a t e r  v a p o u r  o v e r  t h e  r a n g e  12 < E /p  < 3 2  V
- 1 „  -1cm mm Hg
K u f f e l  ( 1 9 5 9 ) ,  u s i n g  a method s i m i l a r  t o  t h a t  o f  B ra d b u ry ,  
m e asu re d  a / p  o v e r  t h e  r a n g e  0 <  E /p  <  28 V cm mm Hg . He 
found  t h a t  a / p  f i r s t  d e c r e a s e d  a s  E /p  was i n c r e a s e d  from zero  
up to  E /p  = 1 3  when i t  r o s e  r a p i d l y  f o r  h i g h e r  E / p .  K u f f e l * s  
r e s u l t s ,  w h i l e  show ing  t h e  same p a t t e r n ,  were c o n s i d e r a b l y  
l o w e r  t h a n  th o s e  o f  B a i l e y  and D uncanson.  K u f f e l  was n o t  a b l e
t o  t a k e  i o n i z a t i o n  of  the  w a te r  v ap o u r  i n t o  a c c o u n t  and hence
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his results can be considered as being values of a/p (where 
a = a - a^) and not of aa/P»
Prasad and Craggs (i960) using measurements of pre­
breakdown currents in pure water vapour at 10 mm Hg obtained 
values of both a p and a^yp for 20 E/p 40 V cm mm Hg • 
Lowke and Rees (1963) calculated k^  for water vapour at 
E/p 4 2.0 V cm 1 mm Hg  ^ from the resolving power of electron 
peaks obtained in measurements of drift velocities in a 30$ 
mixture of water vapour in hydrogen.
4.3 Description of apparatus.
The apparatus used was that described in chapter 2 for 
the determination of k^  in hydrogen, with the following 
modifications.
4.3.1 Vacuum System.
No cold traps could be used on the system containing 
water vapour during the course of measurements* The 
system was first evacuated by conventional means using 
cold traps. The pump and traps were then isolated from 
the system and the gas admitted.
4.3.2 Gas Inlet System.
A small sample of distilled water was contained in a 
narrow tube which was held at liquid air temperatures 
while the tube was evacuated. The sample was then 
allowed to boil and refreeze under vacuum several times
to remove dissolved permanent gases
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Gas was a d m i t t e d  to  the  vacuum system by warming 
t h e  sample  u n t i l  t h e  v apou r  p r e s s u r e  exceeded  the  
p r e s s u r e  r e q u i r e d .  The g e n e r a t o r  was t h e n  c l o s e d  o f f  
and r e f r o z e n .  Any e x c e s s  of  w a t e r  v a p o u r  was t h e n  
r e f r o z e n  i n t o  a f u r t h e r  c o l d  t r a p .  That  the  whole o f  
t h e  gas  i n  t h e  sys tem was c o n d e n s i b l e  was shown by 
c o n n e c t i n g  th e  sys tem  t o  a c o l d  t r a p  when the  p r e s s u r e  
i n  th e  sys tem f e l l  to  t h a t  o b t a i n e d  p r i o r  to  th e  a d m i s s i o n  
o f  the  w a t e r  v a p o u r .
4 . 3 • 3  P r e s s u r e  M eas u rem e n t .
The p r e s s u r e  gauge used  i n  t h i s  work was o f  t h e  same 
ty p e  a s  t h a t  d e s c r i b e d  i n  s e c t i o n  2 . 4 . 3  b u t  o f  r a n g e  0 -20  
mm Hg. The low p r e s s u r e s  u s e d  p r e v e n t e d  the  d e t e r m i n a t i o n  
o f  the  g a s  p r e s s u r e  t o  any g r e a t e r  a c c u r a c y  t h a n  1$ of  th e  
h i g h e s t  p r e s s u r e  u s e d .
4 .4  A n a l y s i s  o f  r e s u l t s .
I n  d e t e r m i n a t i o n s  o f  k^ and a^yp u s e  was made o f  e q u a t i o n  
( 1 . 7 . 1 ) .
The r a t i o  R o f  t h e  c u r r e n t  f a l l i n g  on th e  f i r s t  a n n u l u s  
to  t h a t  f a l l i n g  on t h e  t o t a l  r e c e i v i n g  e l e c t r o d e ,  the  c e n t r a l  
d i s k  b e i n g  e a r t h e d ,  was m easured  f o r  two d i f f e r e n t  v a l u e s  o f  
h e i g h t  h f o r  a  g iv e n  p r e s s u r e  p and e l e c t r i c  f i e l d  s t r e n g t h  E. 
The two s i m u l t a n e o u s  e q u a t i o n s  i n  k .  and a o b t a i n e d  from
i Si
e q u a t i o n  ( 1 . 7 . 1 )  were t h e n  s o l v e d ,  u s i n g  v a l u e s  o f  a g iv e n  by
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P r a s a d  and Craggs  ( i 9 6 0 ) ,  e x t r a p o l a t e d  where n e c e s s a r y ,  as  
shown i n  t a b l e s  4 .5 -1  and 4 . 6 . 1 .
I n  t h e  p a s t  i t  h a s  b e e n  n e c e s s a r y ,  when u s i n g  t h e  p r e s e n t  
method ,  to  c a l c u l a t e  c o r r e s p o n d i n g  v a l u e s  of  R, yu. and a ( s e e  
s e c t i o n  1 . 7 )  f o r  d i f f e r e n t  v a l u e s  o f  th e  chamber  l e n g t h  h and 
to  p l o t  t h e  dependence  g r a p h i c a l l y .  R e fe r e n c e  was t h e n  made 
to  t h e s e  g r a p h s  to c a l c u l a t e  and a / p  from e x p e r i m e n t a l  
r e s u l t s .  Th is  r e s t r i c t e d  the  use  o f  th e  method to  g a s e s  
whose p r o p e r t i e s  f i t t e d  the  com pi led  c u r v e s  u n l e s s  f u r t h e r  
l a b o r i o u s  c a l c u l a t i o n s  were u n d e r t a k e n .  B ago t  i n  1961 had 
c a l c u l a t e d  c u r v e s  ( u n p u b l i s h e d )  f o r  h = 2, 5 and 10 cm b u t  
t h e s e  were u n s u i t e d  to g a s e s  such  as  w a t e r  v a p o u r ,  h a v i n g  
h i g h  v a l u e s  o f  k^ and a / p .
U s i n g  th e  1620 co m p u te r  such  c a l c u l a t i o n s  were n o t  
r e q u i r e d  and w i th  no a d d i t i o n a l  p r e l i m i n a r y  work,  t h e  method 
cou ld  be s u i t e d  to  a l a r g e  r a n g e  of  v a l u e s  o f  b o t h  k^ and a / p .
In  th e  programme u s e d  i n  t h i s  work,  th e  e x p e r i m e n t a l  
c o n d i t i o n s  and th e  c u r r e n t  r a t i o s  were f e d  i n t o  the  com pu te r  
t o g e t h e r  w i t h  the  a c c u r a c y  r e q u i r e d  ( i n  t h i s  c a s e  0 . 1 $ ) .  The 
v a l u e  o f  a was t h e n  f i x e d  a t  an  a r b i t r a r y  v a l u e ,  and a v a l u e
Si
of  k^ which would b e s t  f i t  t h e  e x p e r i m e n t a l  c o n d i t i o n s  was
c a l c u l a t e d .  T h i s  was t h e n  h e l d  c o n s t a n t  w h i l e  the  b e s t  f i t
v a l u e  o f  a^  was f o u n d .  The o p e r a t i o n s  were t h e n  c y c l e d  u n t i l
two c o n s e c u t i v e  c y c l e s  gave the  same v a l u e s  of  k and a to1 a
w i t h i n  t h e  t o l e r a n c e s  r e q u i r e d .
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The factor
exp ah (1 - s) 
ki - 1
in equation (l.7.l) is to take into account the diffusion of 
the negative ions formed by attachment (Huxley and Hurst, 1960). 
Calculations made at certain values, both with and without this 
term included, showed the effect of the diffusion of the 
negative ions to be negligible to within the accuracy required.
“ •  1 —  “]4•5 Results taken at values of E/p greater than 20 V cm mm Hg .
Current ratios were measured in this range for h = 2 and 
5 cm at pressures of 1.17, 1.38 and 2.18 mm Hg and for h = 2,
4 and 6 cm at a pressure of 1.23 mm Hg.
The computed values of k^  and a^/p, together with the 
values of oc^ /P used, are given in table 4.5.1. In each case 
the computer was made to cycle the operation until successive 
approximations of both k. and a agreed to within 0.1$. At
Si
least three cycles were required at each value.
Figure 4.5.1 shows k^  plotted against E/p. The scatter 
of results within this range is always less than 3$ except in
— 1 — 'jthe region of E / p  = 20 V cm mm Hg where some slight 
divergence is apparent. The results are clearly independent 
of the geometry of the apparatus to within the accuracy quoted.
Figure 4.5.2 shows the value of a /p plotted against E/p. 
Although the accuracy is not as high as that for k^, the shape 






TABLE 4 . 6 . 1 .
Wat e r  Vapour 2 9 3°K
E /p





k i a a / p a i / p
2 0 . 4 1 . 3 8 2 , 5 6 7 . 6 0 . 1 3 6 0 . 0 2 6
2 1 . 1 1 . 2 3 2 , 6 7 6 . 2 0 . 1 4 6 0 . 0 2 6
2 1 . 4 1 . 1 7 2 , 5 7 6 . 7 0 . 1 3 1 0 . 0 2 7
2 2 . 5 1 . 3 8 2 , 5 8 1 . 4 0 . 1 5 8 0 . 0 3 3
2 2 . 7 1 . 2 3 • 2 , 6 8 6 . 4 0 . 1 6 6 0 . 0 3 3
2 3 . 7 2 . 1 3 2 , 5 8 7 . 7 0 . 1 5 7 0 . 0 3 8
2 4 . 3 1 . 3 8 2 , 5 9 3 . 9 0 . 1 6 0 0 . 0 4 4
2 4 . 4 1 . 2 3 2 , , 6 9 3 . 7 0 . 1 7 8 0 . 0 4 3
2 4 . 4 1 . 2 3 2 , 4 9 3 . 7 0 . 1 7 4 0 . 0 4 3
2 5 . 7 1 . 1 7 2 , 5 9 7 . 8 0 . 1 6 8 0 . 0 5 5
2 5 . 7 1 . 2 3 2 , 6 1 0 0 . 7 0 . 1 9 8 0 . 0 5 7
2 7 . 5 1 . 2 3 2 , 6 1 0 6 . 5 0 . 1 9 9 0 . 0 7 2
2 7 . 6 2 . 1 3 2 , 5 1 0 5 . 4 0 . 1 9 7 0 . 0 7 6
2 9 . 2 1 . 2 3 2 , 6 1 1 1 . 7 0 . 2 0 7 0 . 0 8 8
3 0 .0 1 . 1 7 2 , 5 1 1 1 . 8 0 . 190 0 . 0 9 8
3 0 . 8 1 . 2 3 2 , 6 1 1 5 . 8 0 . 2 1 2 0 . 1 0 5
3 1 . 6 2 . 1 3 2 , 5 1 1 6 . 7 0 . 2 1  4 0 . 1 2 1
3 2 . 4 1 . 2 3 2 , 6 1 2 0 . 2 0 . 2 2 2 0 . 1 3 0
3 4 . 3 1 . 1 7 2 , 5 1 2 1 . 3 0 . 1 9 5 0 . 1 5 2
3 4 . 4 1 . 3 8 2 , 5 1 2 1 . 0 0 . 1 9 0 0 . 1 5 6
3 5 . 5 2 . 1 3 2 , 5 1 2 3 . 6 0 . 2 1 2 0 . 1 6 9
3 6 . 5 1 . 2 3 2 , 6 1 2 7 . 9 0 . 2 1 6 0 . 1 6 7
3 8 . 6 1 . 1 7 2 , 5 1 2 7 . 6 0 . 190 0 . 2 1 7
3 9 . 5 2 . 1 3 2 , 5 1 3 0 . 5 0 . 2 2 0 0 . 2 3 7
3 9 . 5 1 . 3 8 2 , 5 1 3 0 . 3 0 . 1 9 0 0 . 2 3 8
4 0 . 7 1 . 2 3 2 , 6 1 3 3 . 7 0 . 2 2 9 0 . 2 5 2
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TABLE 4 . 5 . 1 .  (C o n t i n u e d )







k i a a / p a ±/ p
42 .8 1 . 1 7 2, 5 133.7 0 . 1 9 0 0 .2 9 8
44 .7 1 .2 3 2, 6 139.1 0 .2 3 9 0 .3 4 0
44 .7 1 .2 3 2, 4 137.8 0 .2 1 8 0 .3 4 0
44.  6 1.38 2, 5 134.8 0 .181 0 . 3 3 2
47.1 1 .17 2, 5 137 .8 0 .1 8 2 0 .3 9 0
48 .8 1 .2 3 2, 4 141 .8 0 .2 0 8 0 .4 0 9
49 .7 1 .3 8 2, 5 141 .2 0 .1 7 7 0 . 4 5 4
5 1 .4 1 . 1 7 2, 5 141.6 0 .171 0 . 4 9 7
54 .7 1 .38 2, 5 144 .7 0 . 1 5 4 0 . 5 8 5
55 .7 1 .1 7 2, 5 144 .5 0 .1 7 7 0 . 6 3 4
59 .8 1 .38 2, 5 1 48 .0 0 .1 3 6 0 .741
60 .0 1 . 1 7 2, 5 146 .4 0 .161 0 .7 8 8
63
""1 “"14 .6  R e s u l t s  t a k e n  a t  v a l u e s  o f  E /p  l e s s  th a n  20 V cm mm Hg
C u r r e n t  r a t i o s  were m easured  i n  t h i s  r a n g e  f o r  t h e  same
v a r i a t i o n  o f  p a r a m e t e r s  a s  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n
b u t  th e  r e s u l t s  were d e p e n d e n t  upon t h e  geom etry  o f  t h e
a p p a r a t u s  and d i f f i c u l t  t o  c a l c u l a t e .  M easurements  were a l s o
made a t  o t h e r  c o m b i n a t i o n s  o f  t h e  h e i g h t  and p r e s s u r e
p a r a m e t e r s  w i t h o u t  f u r t h e r  s u c c e s s .
F u r t h e r  t r o u b l e  was found  i n  t h e  method o f  c a l c u l a t i n g
r e s u l t s  where t h e  v a l u e s  o f  a become so s m a l l  t h a t  any s m a l la
change i n  t h e  v a l u e  o f  k^ c a u s e d  a very  l a r g e  change i n  t h e
v a l u e  o f  a q/ P .  A c o m b i n a t i o n  o f  b o t h  t h e s e  f a c t o r s  c a u s e d
the  a p p a r e n t  v a l u e s  o f  a / p  to  i n c r e a s e  v e ry  r a p i d l y  w i th
8/
— 1 — “ld e c r e a s e  i n  E /p  be low 18 V cm mm Hg , and t h e s e  e f f e c t s  were 
b o t h  geom etry  and p r e s s u r e  d e p e n d e n t .
F u r t h e r  work by o t h e r  w o rk e r s  i n  t h i s  l a b o r a t o r y  (R e e s ,  
M cIn to sh ,  u n p u b l i s h e d )  showed t h a t  r a t i o s  measured  a t  h = 2 cm 
were u n r e l i a b l e  i n  w a t e r  v a p o u r  f o r  E /p  <( 20 V cm mm Hg and 
co u ld  n o t  be u sed  i n  t h e s e  c a l c u l a t i o n s .  S in c e  t h e  d i f f e r e n c e  
be tw een  th e  c u r r e n t  r a t i o s  a t  h = 4, 5 and 6 was v e r y  s m a l l  no 
r e s u l t s  co u ld  be o b t a i n e d  from t h e s e  m e asu re m en ts  a l o n e .
I t  was n e c e s s a r y  t h e r e f o r e  to  f i x  the  v a l u e  of and u se  
the  c u r r e n t  r a t i o s  o b t a i n e d  a t  h = 4, 5 o r  6 to  c a l c u l a t e  k^ .  
The r e s u l t s  o f  K u f f e l  a s  d i s c u s s e d  i n  s e c t i o n  4 .2  were 
c o n s i d e r e d  to be the  m os t  a c c u r a t e  v a l u e s  o f  a / p  o v e r  t h i s
range data of Prasad
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. Prom these, together with the a^p 
and Craggs, the values of a^/p were obtained from the 
relationship
a/p = a^P - a±/p
These values of a a g r e e d  with those obtained in the present 
work near E/p = 20 V cm mm Hg and are given in table 4*6.1.
The values of k^  calculated by this method are given in 
table 4*6.1*
These results, together with those discussed in section 
4.5, are shown in figures 4.5.1 and 4.5.2. Also shown are 
the results of other workers discussed in section 4.2.
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V cm
TABLE 4 . 6 . 1.
W a te r  V a p o u r  29 3°K
e/ p





k i a a / P a i / p
4 . 8 8 1 . 2 3 6 2 . 5 8 0 . 0 0 0 . 0 0
6 .50 1 . 2 3 6 3 . 4 6 0 . 0 0 0 . 0 0
8 . 13 1 . 2 3 6 4 . 6 4 0 . 0 0 0 . 0 0
9 . 7 2 1 . 2 3 6 6 . 1 3 0 . 0 0 0 . 0 0
1 1 . 3 8 1 . 2 3 6 8 . 1 0 0 . 0 0 0 . 0 0
1 2 . 8 5 1 . 1 7 5 1 3 . 1 9 0 . 0 0 0 . 0 0
1 4 . 6 3 1 . 2 3 6 1 8 . 5 7 0 . 0 1 3 0 . 0 0
1 4 . 5 7 1 . 1 7 5 1 7 .7 1 0 . 0 1 2 0 . 0 0 6
1 5 . 9 9 1 . 3 8 5 2 6 . 2 4 0 . 0 3 6 0 . 0 1 2
1 6 . 2 8 1 . 1 7 5 2 8 . 1 9 0 . 0  40 0 . 0 0 9
1 6 . 2 6 1 . 2 3 6 3 0 . 1 8 0 . 0 4 0 0 . 0 1 3
1 6 .7 1 1 . 3 8 5 3 2 . 0 5 0 . 0 4 8 0 . 0 1 4
1 7 . 4 4 1 . 3 8 5 3 7 . 8 0 0 . 0 5 8 0 . 0 1 5
1 7 . 8 9 1 . 2 3 6 4 4 . 3 7 0 . 0 6 6 0 . 0 1 6
1 7 . 9 9 1 . 1 7 5 4 2 . 3 7 0 . 0 6 8 0 . 0 1 4
1 8 . 1 7 1 . 3 8 5 4 4 . 2 7 0 . 0 7 0 0 . 0 1 7
1 8 . 8 5 1 . 1 7 5 5 0 . 2 2 0 . 0 8 3 0 .0 1 6
1 8 . 9 0 1 . 3 8 5 5 1 . 2 9 0 . 0 8 5 0 . 0 1 9
1 9 . 2 6 1 . 3 8 5 5 4 . 3 5 0 . 0 9 3 0 . 0 2 0
1 9 . 2 8 1 . 1 7 5 5 4 . 1 4 0 . 0 9 3 0 . 0 1 7
1 9 .5 1 1 . 2 3 6 5 8 . 7 1 0 . 0 9 7 0 . 0 1 9
1 9 . 6 2 1 . 3 8 5 5 7 . 6 7 0 . 1 0 0 0 . 0 2 1
1 9 .7 1 1 . 1 7 5 5 8 . 0 6 0 . 1 0 2 0 . 0 1 9
1 9 . 9 9 1 . 3 8 5 6 1 . 2 8 0 . 108 0 . 0 2 2
2 0 .1  4 1 . 1 7 5 6 1 . 3 2 0 . 1 0 8 0 . 0 2 0
2 0 . 3 5 1 . 3 8 5 6 4 . 2 5 0 . 1 1 5 0 . 0 2 4
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TABLE 4 . 6 « 1 . ( C o n t i n u e d )
W ater Vapour 293°K
e/ p





k 1 a a / p ai/P
20.57 1.17 5 6 4 .84 0 .1 1 8 0 . 0 2 3
20.99 1 .17 5 68 .58 0 . 1 2 5 0 . 0 2 5
21. 14 1 .23 6 7 1 .5 9 0 .1 2 8 0 .0 2 6
21 .42 1 .1 7 5 7 1 .9 5 0 . 1 3 2 0 . 0 2 7
22 .53 1.38 5 7 9 .5 2 0 .1 5 0 0 . 0 3 3
23 .70 2 .1 3 5 8 8 . 7 5 0 .1 6 0 0 . 0 3 7















The quantities which can be measured in the type of 
experiment described in Part I, namely W, D and k^, are 
dependent on the microscopic parameters of the motions of 
the electrons and the gas molecules, in particular the mean 
free path H , and the agitational velocity c. However the 
inter-relation between these quantities, in particular the 
variation of cross section with energy, and the distribution 
of agitational velocities make the explicit calculation of 
any of these quantities difficult.
Workers in this field in the past have made some progress 
by the adoption of certain assumptions. In one group of 
experiments (Huxley and Zaazou ( 19 49), Crompton and Sutton 
(1952)) it was first assumed that the mean free path l was 
independent of c and certain particular velocity distributions
6 8 .
were t h e n  p o s t u l a t e d  i n  o r d e r  to  c a l c u l a t e  th e  v a l u e s  o f  /  and 
c.  The u l t i m a t e  v a r i a t i o n  of  i  w i th  c was found  i n  t h e s e  
e x p e r i m e n t s  to be l a r g e l y  i n d e p e n d e n t  o f  the  form o f  v e l o c i t y  
d i s t r i b u t i o n  p o s t u l a t e d .
I n  a second  s e t  of  e x p e r i m e n t s ,  Huxley and Zaazou (1949)  
and H a l l  (1955)  u sed  a m o d i f i c a t i o n  o f  th e  Townsend m a g n e t i c  
d e f l e c t i o n  method as  d e s c r i b e d  i n  c h a p t e r  7 to d e t e r m in e  the 
d r i f t  v e l o c i t y  W a ssum ing  i n  t u r n  a Maxwell and a D ru y v e s te y n  
d i s t r i b u t i o n .  By co m p ar in g  t h e s e  r e s u l t s  w i th  t h o s e  o f  
B radbu ry  and N i e l s e n  (1936 e t  s e q )  t h e s e  w o rk e r s  were a b l e  to 
make some d e d u c t i o n s  a s  to  t h e  form o f  t h e  v e l o c i t y  d i s t r i b u t i o n .
These were the  f i r s t  e x p e r i m e n t s  from which an a t t e m p t  
was made to d e t e r m i n e  e x p l i c i t  i n f o r m a t i o n  on t h e  form of  
v e l o c i t y  d i s t r i b u t i o n  f u n c t i o n .
More r e c e n t l y  Huxley ( i 9 6 0 )  has  m o d i f i e d  t h e  t h e o r y  
a p p r o p r i a t e  t o  c r o s s e d  e l e c t r i c  and m a g n e t i c  f i e l d s  to t ake  
a c c o u n t  o f  the  v a r i a t i o n  of  mean f r e e  p a t h  w i th  a g i t a t i o n a l  
s p e e d .  I n  so d o i n g  a  f o r m u l a  was d e r i v e d  r e l a t i n g  th e  t r u e  
d r i f t  v e l o c i t y  W to  t h e  r a t i o  o f  t h e  t r a n s v e r s e  to l o n g i t u d i n a l  
d r i f t  v e l o c i t y  W^/w a s  shown i n  c h a p t e r  6.  The c o n s t a n t  o f  
p r o p o r t i o n a l i t y  P /3  a p p e a r i n g  i n  t h e  f o r m u l a  i s  d e p e n d e n t  b o t h  
on the  form o f  v a r i a t i o n  of  [ w i t h  c and on th e  v e l o c i t y  
d i s t r i b u t i o n  f u n c t i o n .  I t  was s u g g e s t e d  t h a t ,  p r o v i d e d  t h a t  
the  f u n c t i o n  I = ( ( c )  was known, th e  u s e  o f  t h i s  f o r m u l a  i n  
c o n j u n c t i o n  w i t h  m e asu re m en ts  o f  the  t r u e  d r i f t  v e l o c i t y  W
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and o f  t h e  r a t i o  W^/W^ i n  t h e  p r e s e n c e  o f  a  m a g n e t i c  f i e l d  
would p r o v i d e  i n f o r m a t i o n  a b o u t  t h e  form o f  v e l o c i t y  
d i s t r i b u t i o n  f u n c t i o n .
Heylen  and Lewis ( i 9 6 0 ) and more p a r t i c u l a r l y  F r o s t  and 
P h e l p s  (1962)  and t h e i r  c o l l a b o r a t o r s  have d e v e l o p e d  t h e  t h e o r y  
i n  somewhat g r e a t e r  d e t a i l  to t a k e  e x p l i c i t  a c c o u n t  o f  
i n e l a s t i c  c o l l i s i o n s .  These w o rk e r s  f i r s t  assumed t h e  v a r i o u s  
e l a s t i c  and i n e l a s t i c  c r o s s  s e c t i o n s  b a s e d  on p r e v i o u s  
e x p e r i m e n t  and t h e o r y ,  i n c l u d i n g  th e  e f f e c t s  of  en e rg y  d e p e n d e n t  
c r o s s  s e c t i o n s  and the  more i m p o r t a n t  d i s c r e t e  e n e rg y  l o s s  
p r o c e s s e s  f o r  e l e c t r o n s .  With t h e s e  i n p u t  c r o s s  s e c t i o n s  a 
d i g i t a l  com puter  was t h e n  u s e d  to  s o l v e  t h e  a p p r o p r i a t e  
Boltzmann t r a n s p o r t  e q u a t i o n  and to c a l c u l a t e  the  v a l u e s  o f  the  
m o b i l i t y jX  and t h e  d i f f u s i o n  c o e f f i c i e n t  D o v e r  a  r a n g e  o f  
e x p e r i m e n t a l  p a r a m e t e r s .  These v a l u e s  o f  D and j \  were t h e n  
compared w i th  e x p e r i m e n t a l  m e asu re m en ts  and the  i n p u t  c r o s s  
s e c t i o n s  a d j u s t e d  to  g i v e  a good f i t  be tw een  t h e o r e t i c a l  and 
e x p e r i m e n t a l  v a l u e s  o f  D and o v e r  the  w i d e s t  p o s s i b l e  v a r i a t i o n  
o f  e x p e r i m e n t a l  p a r a m e t e r s .  In  t h i s  way F r o s t  and P h e l p s  have  
been  a b l e  to c a l c u l a t e  t h e  form o f  t h e  v e l o c i t y  d i s t r i b u t i o n  
f u n c t i o n  and u s e  i t  t o  c a l c u l a t e  a so c a l l e d  ’’m a g n e t i c  
d e f l e c t i o n  c o e f f i c i e n t ” which i s  the  r e c i p r o c a l  o f  H u x l e y f s 
c o e f f i c i e n t .  D a ta  h a v c b e e n  p u b l i s h e d  by them showing the  
v a r i a t i o n  o f  t h i s  c o e f f i c i e n t  w i t h  t h e  p a r a m e t e r  E/p  f o r  a 
number o f  g a s e s ,  i n  p a r t i c u l a r  f o r  h e l iu m  and n i t r o g e n  f o r  which
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experimental data is given in chapters 10 and 11. Clearly 
the order of agreement between theory and experiment provides 
a test of the adequacy of the theory and establishes whether 
the theoretical velocity distributions do in fact describe the 
situations which exist.
At the outset of this project, while the theory enabling 
velocity distribution functions appropriate to elastic collisions 
to be calculated had been developed adequately (see Chapman and 
Cowling (1952), p.346, Loeb (1955) Chapter IV and Huxley (i960)) 
little had been done towards solving the problem to include the 
effects of inelastic collisions. The fonn of the velocity 
distribution function in diatomic gases was therefore unknown, 
and it was planned to use Huxley’s suggestion to determine the 
form of the velocity distribution in these gases. As a test 
for the adequacy of the theory experiments in helium were 
proposed since in this gas the form of the velocity distribution 
function could be readily determined. It should be noted that 
although the theory which enables the magnetic deflection 
coefficient to be calculated is developed for elastic collisions 
only, it may also be applied to the present work in diatomic 
gases where relatively few collisions are inelastic. However, 
these collisions, though few in number, affect drastically the 
mean rate of energy loss and hence the electron velocity 
distribution. The effect upon the magnetic deflection 
coefficient is brought about through this modification to the
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d i s t r i b u t i o n  r a t h e r  t h a n  t h r o u g h  any m o d i f i c a t i o n  to  the  
f o r m u l a  f o r  t h e  v e l o c i t y  d i s t r i b u t i o n .  A co m p a r i s o n  o f  
t h e o r e t i c a l l y  d e r i v e d  v a l u e s  o f  the c o e f f i c i e n t  and t h o s e  
m e asu re d  e x p e r i m e n t a l l y  would t h e r e f o r e  have p r o v i d e d  u s e f u l  
f i r s t  o r d e r  i n f o r m a t i o n  a b o u t  v e l o c i t y  d i s t r i b u t i o n s  i n  t h e  
a b s e n c e  o f  o t h e r  d a t a  d e r i v e d  e i t h e r  t h e o r e t i c a l l y  o r  
e x p e r i m e n t a l l y .  Taken i n  c o n j u n c t i o n  w i t h  the l a t e r  work o f  
P h e l p s  e t  a l  t h e  p r e s e n t  work may now be u s e d  to  t e s t  
e x p e r i m e n t a l l y  t h e  v a l i d i t y  o f  t h e  d e t a i l e d  v e l o c i t y  
d i s t r i b u t i o n s  w hich  have been  p r o p o s e d .
I n  t h i s  c h a p t e r ,  H u x l e y f s d e r i v a t i o n  o f  t h e  v e l o c i t y  
d i s t r i b u t i o n  f u n c t i o n  f o r  e l a s t i c  c o l l i s i o n s  i s  o u t l i n e d  whereby 
th e  f u n c t i o n  can  be d e r i v e d  f o r  s p e c i f i c  r e l a t i o n s  be tw ee n  [ and 
c .  The f u n c t i o n s  so d e r i v e d  a r e  t h e n  used  to d e v e l o p  fo rm u l a e  
which e n a b l e  W and k^ to  be c a l c u l a t e d  p r o v i d e d  t h e  r e l a t i o n  
be tw e e n  ^ an d  c i s  known. I n  c h a p t e r  6 t h e  r e s u l t s  o f  t h i s  
c h a p t e r  a r e  u s e d  t o  c a l c u l a t e  t h e o r e t i c a l  v a l u e s  o f  th e  m a g n e t i c  
d e f l e c t i o n  c o e f f i c i e n t  f o r  co m p a r i s o n  w i t h  e x p e r i m e n t  t h e r e b y  
c o n f i r m i n g  o r  o t h e r w i s e  t h e  v a l i d i t y  o f  the  v e l o c i t y  
d i s t r i b u t i o n  f u n c t i o n s  p r o p o s e d .
5 . 2  The v e l o c i t y  d i s t r i b u t i o n  f u n c t i o n  f o r  e l a s t i c  non i s o t r o p i c  
c o l l i s i o n s .
As i n t r o d u c e d  i n  Appendix  I ,  th e  v e l o c i t y  d i s t r i b u t i o n  
f u n c t i o n  f ( c )  can  be d e f i n e d  a s  f o l l o w s :
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If nQ is the total number of particles in a group under 
consideration, then the number having velocity components 
between u and u + du, v and v + dv, w and w + dw is
is the total number of particles whose speeds lie between 
c and c + dc.
Many derivations of the form of f(c) for the case of 
elastic non isotropic collisions have been given (see Chapman 
and Cowling (1952), p. 346, Loeb (1955) Chapter IV) and in 
general, using a notation consistent with that used in this 
work, f(c) is found to be
where B is constant and V is defined in Appendix I.
The derivation of Huxley (i960) is given in Appendix IV. 
For the case of electrons m is negligible compared with 
M and for the particular case of electrons moving in a uniform 
electric field, V is given by
nQ f(c) du dv dw and in particular if there are no
2preferred directions of velocity then n^ f(c) 4'mc dc
f(c) = B exp
me
where L is an equivalent mean free path.
Equation (5- 2•1) can be now written
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f(c) = B exp j - 3m
B exp U
c d c
o M /— • — -) ' + 3 kT\ P m e /
(5.2.2)
where U = - 3m c d c
E e L
p * m c + 3 kT
L = l p
and T is the absolute temperature.
To find B, use is made of the equation
4 f j f(c) c2 dc = 1
whence
(5.2.3)
f (c) exp U
(°° 2 4- j exp U c dc
(5.2.4)
In many cases it is necessary to express a macroscopic 
quantity which is a function of c in terms of an average value 
over the distribution function f(c). If g(c) is any such 
function of c then the average value is given as
g(c) = 4 7- I f(c) g(c) C 2 dc
o
J exp U g(c) c2 dc
/
^  2exp U c dc
(5.2.5)
where U is given in equation (5.2.3)*
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5.3 Application of the distribution function to formulae for 
W and k.j.
On making the substitution L = /p, equations (l.4.l) and 
(1.4.2) become
W = - . f- c"? f- (L c?)p 3m dc ' (5.3.1)
and pD = ~ (L c)
From equation (1 - 4.3)
V _ e_ E 
D ~ kT k
P _ E 22.1 “ kT P - W
e E 1 7—
kT P * 3 L°
E e - d  a /T
p ■ ^  c 3? (L 0 }
—  L c kT
-2 d /T 2x
c TT ( L c ) (5.3.2)
Using the expression for the averaged value given in
equation (5.2.5), equations (5- 3.1) and (5.3.2) can be written
/ exp U —  (L c2) dc 3o dcE e_
P * 3m / exp U c dc
and k = 77
1
HLkT
r exp U L c qc




where U = 3m c d c
_e
m + 3 kT
It can be seen from these expressions that it is still 
necessary to postulate a relationship between L and c before 
further evaluation can be carried out.
5.4 Simplification of the distribution function when is large
2 2 
If 2 MC is small compared with ^ me ', that is is
large, then, in the denominator of equation (5*2.3)
r
- 3m c d c_________
.. , E e L Y  , , m
o M — . — — + 3 kT1 p m e /
the factor 3 kT can be ignored. Further if L can be
rexpressed as a function of c in the form L = A c then the 
expression for U becomes
- 3m c d c
o M l - . -  A cr 1p m? t?r (=r *-2 1
M (lY2 (i\~2 a-2 g4~2r.
M Ip/ \ m / 4-2r
z r —
3m / E 





-  5 (l! (:! ( 5 . 4 . 1 )
The d i s t r i b u t i o n  f u n c t i o n  can now be w r i t t e n
f  ( c ) exp U
24 r< exp U c dc
J 0
( 5 . 2 . 4 )
exp ( -  cn/ a n )
4 tt exp ( -  cn/ a n ) c 2 d c / a ^
O
U sing  t h e  i d e n t i t y
j  n exp ( -  y11) ym dy = 1 ((m + 1) /  n)
Ö
f ( c )  can be w r i t t e n
f  ( c )
(  n /  n \ n exp l - c  / a  )
— -2
4 *  a 1 ( 3 / n )
( 5 . 4 . 2 )
where a i s  d e f i n e d  by e q u a t i o n  ( 5» 4 -1 )  
The d e r i v a t i v e  t h e r e f o r e  becomes
d f
dc
2 n-1n c f  n /  n \ exp (,-c / a  ;
4 cxn + I ( 3 / n )
( 5 . 4 . 3 )
The e x p r e s s i o n  f o r  can  be o b t a i n e d  from e q u a t i o n s  
( 5 . 4 . 2 )  and ( 5 . 2 . 5 )  a s  f o l l o w s
4 J f  ( c )  c 2 C2 dc
a 2 J n exp ( -  cn/ a R) c^ d c / a ^  
r  ( 3/ n )
2c =
a 2
I ( 3 / n )
( 5 . 4 . 4 )
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5 .5  S p e c i a l  c a s e s  of  the  d i s t r i b u t i o n  f u n c t i o n .
By s u b s t i t u t i n g  v a l u e s  o f  n i n  e q u a t i o n s  ( 5 . 4 . 2 )  and 
( 5 . 4 . 4 )  when i s  l a r g e ,  s p e c i a l  c a s e s  of  t h e  d i s t r i b u t i o n  
f u n c t i o n  can  be fo u n d ,  f o r  example :
(1 )  r  = 1, n = 2
i . e .  L p r o p o r t i o n a l  to c
f  ( c) = --------- ^ “2-----------  e x P ( “  c ^ / clc )
4 F a / ( 3/ 2 )
exp ( -  c ?/ a 2 )
~ 2  2c = a
= 3 a 2/ 2
which d e f i n e  Maxwell*s  d i s t r i b u t i o n .
( 2 ) r  = 0 ,  n = 4
i . e .  L = c o n s t a n t
f ( c ) = -------- ;——— --------  exp ( -  c V ^ 4 )
A i r  a. T  ( 3/ 4 )
—  2 r
C * ~  —  (X — ~
/
which i s  t h e  d i s t r i b u t i o n  d e r i v e d  by D r u y v e s t e y n  C1930)•  
I f  E /p ,  and c o n s e q u e n t l y  k ^ , i s  s m a l l  t h e n  3 kT becomes 
the  c o n t r o l l i n g  f a c t o r  i n  t h e  d e n o m in a to r  o f  e q u a t i o n  ( 5 . 2 . 3 ) .  
Under t h e s e  c o n d i t i o n s  th e  te rm  i n  E /p  i s  n e g l i g i b l e  and
( 5 / 4 )
( 3/ 4 )
I ( 5 /2 )  
r (  3 /2 )
1723a  r r
c o n s e q u e n t l y  t h e  v a r i a t i o n  o f  L w i t h  c h a s  no e f f e c t  i n  th e
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form of the distribution function. 
Hence





where a ! kT
The distribution function is therefore given by




exp (- c /a )
„ ( 2/ 2v 24 n  J exp c /a ; c dc
exp (- c2/q2)
A n a  § r (3/2)
exp (- c2/a2) 
a3 TI 5/2
r 2 2
477- f(c) c c dc
a5 77 3/2
4 a2 i r (5/2)
3 a2
These equations again describe Maxwell*s distribution.
It can be seen therefore that for low values of E/p,
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i . e .  where k .  i s  s m a l l ,  t h e  d i s t r i b u t i o n  f u n c t i o n  i s  t h a t  o f  
Maxwell ,  i n d e p e n d e n t  o f  the  r e l a t i o n  b e tw e e n  L and c .  I n  
t h e s e  c a s e s ,  where the  e l e c t r o n  ene rg y  i s  com parab le  w i t h  t h e  
m o l e c u l a r  e n e rg y  2 MC*', i t  i s  the  f a c t o r  3 kT i n  th e  
d e n o m in a to r  which c o n t r o l s  t h e  d i s t r i b u t i o n  o f  e n e r g i e s .  
However a t  h i g h e r  v a l u e s  o f  E / p ,  t h e  f a c t o r  c o n t a i n i n g  l / c 
i s  t h e  c o n t r o l l i n g  one i n  t h e  d e n o m i n a t o r  and the  d i s t r i b u t i o n  
i s  d e p e n d e n t  on the v a r i a t i o n  of  L w i th  c a s  shown a b o v e .
5 . 5 . 1  G r a p h i c a l  r e p r e s e n t a t i o n .
The d i s t r i b u t i o n  f u n c t i o n  f o r  s p e c i a l  c a s e s  c a n  be 
compared g r a p h i c a l l y  as  f o l l o w s :
A s c a l e  o f  v a l u e s  i s  c h o s e n  so t h a t  t h e  mean e n e rg y  
o v e r  each  d i s t r i b u t i o n  i s  i d e n t i c a l ;  t h i s  i s  done by
p
making c = 1 i n  each  ca se*
Hence from e q u a t i o n  ( 5 . 4 . 4 )




( 5 /n )
4 77 f ( c ) c 2 =
From e q u a t i o n  ( 5 . 4 . 3 )
.  / n /  nx 2,/ \ 2 n exp c / a  ) c





2Thus for a given value of n, 4 77 f(c) c~ can be 
drawn out as a function of c. An example of these is 
given in figure 5.5.1*
(a) n = 2, r = 1
i.e. L = A c .
This is Maxwell's distribution.
(b) n = 4) r = 0
i.e. L = constant.
This is the distribution of Druyvesteyn.
(c) n = 6, r = -1






MEASUREMENT OF THE 
MAGNETIC DEFLECTION COEFFICIENT.
6.1 I n t r o d u c t i o n ,
One o f  the  f i r s t  methods  u sed  f o r  d e t e r m i n i n g  e l e c t r o n  
d r i f t  v e l o c i t i e s  was b a s e d  on t h e  l a t e r a l  d i f f u s i o n  of  a  beam 
o f  e l e c t r o n s  by a t r a n s v e r s e  m a g n e t i c  f i e l d .  The method was 
d e v i s e d  and f i r s t  u s e d  by Townsend and T i z a r d  (1913)  who 
m easured  the  d r i f t  v e l o c i t y  o f  e l e c t r o n s  o r  i o n s  i n  a i r .  
E l e c t r o n s  e n t e r e d  th e  chamber  t h r o u g h  a 2 mm wide s l i t  i n  t h e  
c a t h o d e  and the  r e c e i v i n g  e l e c t r o d e  was d i v i d e d ,  p a r a l l e l  t o  
th e  s l i t ,  i n t o  two D -shaped  segm en ts  C^  and C^ w i th  a c e n t r a l  
s t r i p  C^ o f  w id th  0 . 5 0  cm ( s e e  f i g u r e  1 . 1 . 2 ) .  The e l e c t r i c  
f i e l d  was a p p l i e d  be tw e e n  the  c a t h o d e  and r e c e i v i n g  e l e c t r o d e  
and a t r a n s v e r s e  m a g n e t i c  f i e l d  was s e t  up ,  p a r a l l e l  t o  th e  
s l i t s ,  by a p a i r  o f  l a r g e  c o i l s  e x t e r n a l  t o  the a p p a r a t u s .
The c e n t r e  o f  the  beam c o u ld  t h u s  be d e f l e c t e d  away from th e
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central strip and the current to one of the outer segments 
increased. When the current falling on was equal to the 
total current falling on + C.^ the centre of the beam could 
be considered as having been deflected laterally 2.5 mm.
Townsend assumed that the direction of motion of the centre 
of the stream was along the resultant of the forces Ee and Be W. 
He reasoned that, the latter being small, the values of W could 
be assumed to be the same as those when the force Ee alone was 
acting. Hence for the particular geometry of the Townsend and 
Tizard apparatus
= tan 6 = 0.0625 (6.1 • 1)Ee
The problem was again analysed by Huxley (193T) and 
Townsend (1937) both of whom showed that equation (6.1.1) is 
not accurate. They showed the incorrectness of the assumption 
that the ratio of velocities in the x and z directions is equal 
to the ratio of the forces acting in these directions since Ee 
is a force acting continuously on an electron and Be W is an 
average value of different forces acting. For this reason 
equation (6.1•1) is not strictly correct, no account having 
been taken of the influence of the field on the time spent by 
an electron between collisions (Townsend, 1936).
Huxley (193T) showed that, if W and W are the x and z 
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( 6 . 1 . 3 )
T h i s  f o r m u l a  was  a g a i n  d i s c u s s e d  b y  H u x l e y  ( l 9 4 0 )  w h e r e  
i t  was shown  t h a t  t h e  f o r m u l a  t a n  0 = W /W i s  n o t  s t r i c t l y
X / Z
c o r r e c t ,  e s p e c i a l l y  f o r  a  w i d e l y  d i v e r g e n t  s t r e a m .
H u x l e y  a n d  Z a a z o u  ( 1 9 4 9 )  a b a n d o n e d  t h e  u s e  o f  t h e  t a n  0 
f o r m u l a  o f  T ownsend  a n d  m o d i f i e d  t h e  m e t h o d  t o  u s e  a  1 cm 
c h a m b e r  w i t h  t h e  r e c e i v i n g  e l e c t r o d e  d i v i d e d  i n t o  s e m i  c i r c u l a r  
h a l v e s .  The d i f f u s i o n  e q u a t i o n  f o r  t h i s  f o r m  o f  a p p a r a t u s  was 
s o l v e d  i n  t e r m s  w h i c h  e n a b l e d  R, t h e  c u r r e n t  r a t i o ,  t o  b e  
e x p r e s s e d  i n  t e r m s  o f  Wx/ ^ z a n d E h / k - j .  c o n j u n c t i o n  w i t h
t h i s  s o l u t i o n ,  t h e  f o r m u l a
Wx
Wz
( 6 . 1 . 4 )
d e r i v e d  f r o m  e q u a t i o n s  ( 6 . 1 . 2 )  a n d  ( 6 . 1. 3)5 w as u s e d  t o  g i v e  
v a l u e s  o f  V. Two s e t s  o f  d a t a  f o r  t h e  v a r i a t i o n  o f  W w i t h  
E / p  w e r e  p r o d u c e d ,  t h e  f i r s t  a s s u m i n g  t h e  e l e c t r o n s  t o  h a v e  a  
M a x w e l l i a n  d i s t r i b u t i o n  o f  v e l o c i t i e s ,  t h e  s e c o n d  a s s u m i n g  t h e  
v e l o c i t y  d i s t r i b u t i o n  t o  b e  t h a t  o f  D r u y v e s t e y n .  T h e s e  w e r e
c o m p a r e d  w i t h  d i r e c t  m e a s u r e m e n t s  made by  B r a d b u r y  a n d  N i e l s e n
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(1936)  and i t  was found  t h a t  f o r  h i g h e r  v a l u e s  o f  E /p  th e  
r e s u l t s  o b t a i n e d  by u s i n g  a D ru y v e s t e y n  d i s t r i b u t i o n  a g r e e d  
v e r y  c l o s e l y  w i t h  t h o s e  o f  B radbury  and N i e l s e n .  I t  was 
c o n c l u d e d  t h a t  the  law o f  d i s t r i b u t i o n  o f  v e l o c i t i e s  was n o t  
ve ry  d i f f e r e n t  from t h a t  o f  D r u y v e s t e y n  w h i l e  t h e  t r a n s i t i o n  
from t h e  d i s t r i b u t i o n  o f  Maxwell which a p p l i e s  a t  E = 0 
a p p e a re d  t o  o c c u r  i n  the  r a n g e  0 <  E/p  <^0.5* A l l  m e asu re m en ts  
were made i n  a i r  and t h e  p r e s e n c e  o f  n e g a t i v e  i o n s  was n e g l e c t e d .
H a l l  (1955)  c a r r i e d  o u t  s i m i l a r  e x p e r i m e n t s  u s i n g  hyd ro g en  
o ve r  a  more r e s t r i c t e d  r a n g e  of  E /p  (O C  E /p  <T 4 . 0 )  t h a n  t h a t  o f  
Huxley and Zaazou (0 E /p  <T 2 5 ) .  I t  was found  t h a t  t h e  g r a p h  
o f  W a g a i n s t  E /p  drawn f o r  a  D ru y v e s t e y n  d i s t r i b u t i o n  o f  
v e l o c i t i e s  a l m o s t  c o i n c i d e d  w i t h  v a l u e s  g iv e n  by Bradbury  and 
N i e l s e n .  However i t  was s t a t e d  t h a t  m e asu re m en ts  were n o t  
p e r fo rm e d  to a s u f f i c i e n t  d e g r e e  of  a c c u r a c y  to  e n a b l e  any 
r e l i a b l e  c o n c l u s i o n s  to  be drawn as  t o  th e  r a n g e  o f  v a l u e s  o f  
E/p o v e r  w hich  the  t r a n s i t i o n  from a M axw el l i an  to  a D ru y v e s t e y n  
d i s t r i b u t i o n  o c c u r r e d .
I n  t h e  e x p e r i m e n t s  b o t h  o f  Huxley and Zaazou and o f  H a l l ,
m e asu re m en ts  were made a t  low v a l u e s  o f  h,  E h /k ^ ,  and o f  p .
For  t h i s  r e a s o n  t h e  r e s u l t s  may be s u b j e c t  to  many o f  th e  e r r o r s
d e s c r i b e d  i n  s e c t i o n  3.3«  F u r t h e r ,  i n  a l l  f o r m u l a e ,  v a l u e s  o f  
2 2cxr T were c o n s i d e r e d  n e g l i g i b l e  compared w i th  1, th e  a s s u m p t i o n
2 2b e i n g  made t h a t  the  v a l u e s  o f  B were such  t h a t  to T 1.
However f o r  th e  p r e s s u r e s  and f i e l d s  q u o te d  by H a l l ,  i t  can be
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s im p ly  shown t h a t  t h i s  a s s u m p t i o n  can  p ro d u ce  e r r o r s  of  up to
4 5 6 .
I n  a l l  t h e  above  work, t h e  a s s u m p t i o n  was made t h a t  / ,  
th e  mean f r e e  p a t h ,  was i n d e p e n d e n t  o f  c ,  the  a g i t a t i o n a l  
v e l o c i t y .
In  the  f o l l o w i n g  work,  the  t h e o r y  h a s  been  rew orked  and a l l  
a p p r o x i m a t i o n s  a s s e s s e d  q u a n t i t a t i v e l y  w h i l e ,  f o l l o w i n g  Huxley ,  
a f a c t o r ,  the  m a g n e t i c  d e f l e c t i o n  c o e f f i c i e n t ,  which i s  on ly  
d e p e n d e n t  on th e  v e l o c i t y  d i s t r i b u t i o n  and on th e  form o f  
v a r i a t i o n  of  / w i t h  c ,  h a s  been  l e f t  e x p l i c i t l y  w i t h i n  the  
f o r m u l a .
6 . 2  D e s c r i p t i o n  of  t h e  m e th o d .
The a p p a r a t u s  u s e d  i n  the p r e s e n t  i n v e s t i g a t i o n  i s  s i m i l a r  
to  t h a t  u s e d  by H uxley  and Zaazou (1949)  and by H a l l  ( 1 9 5 5 )9 
d i f f e r i n g  o n ly  i n  l e n g t h  which i s  now a p p r o x i m a t e l y  8^  cm.
The r e c e i v i n g  e l e c t r o d e  i s  d i v i d e d ,  p a r a l l e l  t o  t h e  a p p l i e d  
m a g n e t i c  f i e l d  B, i n t o  s e m i c i r c u l a r  h a l v e s .  E l e c t r o n s  e n t e r  
th e  chamber t h r o u g h  a  1 mm h o l e  i n  th e  c e n t r e  o f  th e  u p p e r  
e l e c t r o d e .
With B = 0 ,  c y l i n d r i c a l  symmetry i s  p r e s e r v e d  and the  
c u r r e n t s  f a l l i n g  on to  eac h  s e m i c i r c u l a r  segment a r e  t h e r e f o r e
e q u a l ,  i . e .  i  = i  .
1 2
When B i s  n o t  e q u a l  to z e r o ,  the  c e n t r e  o f  symmetry o f  the
beam w i l l  be d i s p l a c e d  l a t e r a l l y ,  p e r p e n d i c u l a r  to b o t h  B and E,
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and the two currents will not be equal. As in previous 
diffusion experiments, R can be measured as the ratio
This value of R depends on two factors. In the first 
place, R depends on the amount by which the stream spreads 
laterally due to diffusion, that is R is a function of Eh/k^. 
So that Eh/k^ may be measured in the same sample of gas and 
under the same conditions as those when magnetic deflection 
measurements are made, the receiving electrode is further 
divided into a central disk and surrounding annulus. With 
this latter configuration and B = 0, the apparatus can be used 
to measure Eh/k^ in a manner similar to that described in 
chapters 1, 2 and 3.
Secondly R depends on the ratio of the drift velocities 
in the x and z directions, that is on It is shown in
the next section that depends on the four parameters
(1) The electric field strength E.
(2) The magnetic field strength B.
(3) The drift velocity W.
(4) The magnetic deflection coefficient.
6.3 Determination of the magnetic deflection coefficient in terms 
of Wyjy^ and W.
In Appendix I it is shown that, under the condition of
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uniform electric field E and perpendicular magnetic field B,
the drift velocity W is given by
o°r
-  4  77 df „~— dc4 (c/t - iw) dc
where W = Be/m and f(c) is the velocity distribution function. 




Wz = - 4ir
and
/■ ^
Ee c T df
3m 1 - i w T dc dc
r<s -z
Ee j c T (1 + i to T) df
3m t 1 + T2 dc
W + iW , andZ X separating
(Sf 7Ee c T df
3m J0 1 + oj ^ T2 dc Cl C j
c\to
Ee c cu T df






(1 + co2 T2) dc
df „—  dc
L c2
(1 + CO2 T2) dc
df—  dc
(6.3.1)
However, in Appendix I it is shown that
- rr I 4* t o 2 ^Ee 3m
Hence from equation (6.3•1)
WEe m_
3m * Be ~ W
W = # -p
8 8 .
,, E x W = —  —  F3B Wz
F E x 
3 B W
( 6 . 3 . 2 )
Hence th e  m a g n e t i c  d e f l e c t i o n  c o e f f i c i e n t  3/ P  i s  g i v e n  by
_3 _ E__ ! x  
P WB W
and P i s  th e  d i m e n s i o n l e s s  f a c t o r
(7* f
J 4 7TCC/  2 d f  , t  c —- dc dc 4 7/
?l
(1 + M2 T2)
F = - ( 6 . 3 . 3 )
4 7/ /
(1 + Ui2' T2 )
d f  ,, 
T “  dc dc
6 . 3 . 1  E v a l u a t i o n  of  3/ P .
The f a c t o r  P a s  d e f i n e d  by e q u a t i o n  ( 6 . 3 . 3 )  i s  a 
d i m e n s i o n l e s s  t e rm  d e p e n d in g  o n ly  on t h e  r e l a t i o n  be tw een  
( - a n d  c and on th e  d i s t r i b u t i o n  f u n c t i o n  f ( c ) .
I f  m e thods  o f  s i m p l i f i c a t i o n  s i m i l a r  to  t h e s e  u s e d  to 
s i m p l i f y  the  e x p r e s s i o n  f o r  W i n  Appendix  I I ,  s e c t i o n  6 
a r e  u s e d ,  th e  e x p r e s s i o n




(1 + u 2 t 2 )
(1 +U 2 T2)
( 6 . 3 . 4 )
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i s  o b t a i n e d .  However,  t h e  r e s t r i c t i o n  imposed  by th e
i n t e g r a t i o n  o f  t h e  e q u a t i o n  ( 6 . 3 * 3 )  i s  no l o n g e r
a c c e p t a b l e  i n  t h i s  c a s e  s i n c e  i t  i s  r e q u i r e d  t h a t  i f
/  = A c x t h e n  r  e q u a t i o n  ( 6 . 3 * 4 )  i s  t h e r e f o r e  n o t
i n  g e n e r a l  c o r r e c t .
I f  th e  s i m p l i f i c a t i o n
2 21 + uT T 1
i s  made t h e n  t h e  e x p r e s s i o n  f o r  F becomes ,  from e q u a t i o n  
( 6 . 3 . 3 )
F = ( 6 . 3 . 5 )
which l e n d s  i t s e l f  to e v a l u a t i o n  much more r e a d i l y .
I n  Appendix  V, e q u a t i o n  ( 6 . 3 * 5 )  i s  e v a l u a t e d  f o r  
b o t h  Maxwell and D r u y v e s t e y n  d i s t r i b u t i o n s  a s  d e f i n e d  
i n  s e c t i o n  5*5*1 and f o r  d i f f e r e n t  r e l a t i o n s  be tween  
Ü and c .  The v a l u e s  o f  3/ F  a r e  s e t  o u t  i n  t a b l e  6.3*1*
TABLE 6.3*1 *
N u m e r ic a l  v a l u e s  of  3/ F
Maxwell D ru y v e s te y n
D i s t r i b u t i o n  D i s t r i b u t i o n
It > 0 1 1
/  = A 1 . 1 7 8 1 . 0 6 1
ii > 0
1
3 1 . 3 7 1
9 0 .
S in c e  t h e s e  v a l u e s  above  have  been  d e r i v e d  f o r  the  
c a s e  o f  e l a s t i c  c o l l i s i o n s  o n ly ,  t h e  f o r m u l a  f o r  F w i l l  
im m e d i a t e l y  a p p l y  to  e l e c t r o n s  moving i n  a monatomic gas  
where no i n e l a s t i c  c o l l i s i o n s  o c c u r .  I f ,  t h e r e f o r e ,  the  
r e l a t i o n  b e t w e e n  L and c i s  known, i t  s h o u ld  be p o s s i b l e  
to  p r e d i c t  p r e c i s e l y  the  v a l u e  of  3 / F .  T h i s  i s  bo rne  
o u t  i n  c h a p t e r  11 where e x p e r i m e n t a l  r e s u l t s  i n  h e l iu m  
a r e  compared w i th  t h e s e  t h e o r e t i c a l  v a l u e s .  Over the  
r a n g e  o f  E /p  d i s c u s s e d ,  t h e  mean f r e e  p a t h  L r e m a in s  
e s s e n t i a l l y  c o n s t a n t  and s i n c e  no i n e l a s t i c  p r o c e s s e s  
o c c u r  th e  v e l o c i t y  d i s t r i b u t i o n  w i l l  be t h a t  o f  D ru y v e s t e y n  
a s  shown i n  s e c t i o n  5«5* The v a l u e  o f  3 /F  s h o u ld  t h e r e f o r e  
be 1 .0 6 .  Compar ison  w i t h  e x p e r i m e n t a l  r e s u l t s  shows t h i s  
to  be t h e  c a s e .
I t  i s  i m p o r t a n t  to n o t e  t h a t  a l t h o u g h  t h e  e x p r e s s i o n  
f o r  F, e q u a t i o n  (6 .3*3 )>  h a s  been  d e r i v e d  f o r  the  c a s e  o f  
e l a s t i c  c o l l i s i o n s  o n ly ,  i t  may n e v e r t h e l e s s  be a p p l i e d  to 
d i a t o m i c  g a s e s  where r e l a t i v e l y  few c o l l i s i o n s  a r e  
i n e l a s t i c .  However,  th e  v e l o c i t y  d i s t r i b u t i o n  f ( c )  w i l l  
be a f f e c t e d  m a rk e d ly  by th e  r e l a t i v e l y  few i n e l a s t i c  
c o l l i s i o n s  so t h a t ,  a l t h o u g h  the  e x p r e s s i o n  f o r  F i s  
i d e n t i c a l ,  t h e  v a l u e  o f  th e  m a g n e t i c  d e f l e c t i o n  c o e f f i c i e n t  
w i l l  be m o d i f i e d  c o n s i d e r a b l y  by t h e  v a r i a t i o n  i n  v e l o c i t y  
d i s t r i b u t i o n .  Given th e  r e l a t i o n  be tween L and c t h e r e f o r e ,  
i t  s h o u ld  be p o s s i b l e ,  from the  e x p e r i m e n t a l  v a lu e  o f  3/ f ,
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to  d e t e r m i n e  a form o f  v e l o c i t y  d i s t r i b u t i o n  f u n c t i o n  
which d i f f e r s  l i t t l e  f rom t h e  a c t u a l  d i s t r i b u t i o n .
The work of  F r o s t  and P h e l p s ,  a s  d i s c u s s e d  i n  s e c t i o n  
5 . 1 ,  has  e n a b l e d  th e  t h e o r e t i c a l  v a l u e s  o f  t h e  f a c t o r  3/1? 
to  be c a l c u l a t e d  more r i g o r o u s l y  by a d j u s t m e n t  o f  
e x p e r i m e n t a l  c r o s s  s e c t i o n s  to  o b t a i n  t h e o r e t i c a l  r e s u l t s  
which b e s t  compare w i th  s e t s  o f  e x p e r i m e n t a l  d a t a .  The 
v a l u e s  o f  3/ f  i n  n i t r o g e n  o f  t h e s e  w o rk e r s  have been  
compared w i th  e x p e r i m e n t a l  m e asurem en ts  i n  c h a p t e r  10.
6 . 4  D e t e r m i n a t i o n  o f  R i n  t e rm s  o f  Eh/k^ and W^/W^.
From Appendix I  the  c o e f f i c i e n t  o f  d i f f u s i o n  D i s  g i v e n  as
D =
w h i le  p e r p e n d i c u l a r  to t h e  m a g n e t i c  f i e l d  B, the  d i f f u s i o n  
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In  the  a b s e n c e  o f  any m a g n e t i c  f i e l d ,  i . e .  f o r  B = 0 ,  
the  e l e c t r o n  c o n c e n t r a t i o n  n i s  g i v e n  by
V 2n =
where W =
and W = x
i . e . ,
V I n  
D b z ( 6 . 4 . 1 )
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I n  t h e  p r e s e n c e  o f  a  m a g n e t i c  f i e l d  B, where B i s  p a r a l l e l  
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and s i n c e  ~  — 0 f o r  y
i n t e g r a t i n g  e q u a t i o n  ( 6 . 4 . 2 ) w i t h  r e s p e c t  to  y g i v e s
(6 . 4 . 2 )
x 2  \ 20 q 0 q = 2A ^  +
cN x
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b x 2 ä z 2 b  Z
w
where ß  = ~ ~ -
£
and z2DB
To s o l v e  e q u a t i o n  ( 6 . 4 . 3 )  the  s u b s t i t u t i o n  
q = V exp ( x + Y z)  i s  made g i v i n g
^ 2vi h  _
b x 2 + ö z 2
2 2p V + Y V
2
X V
where X 2 * Y2
( 6 . 4 . 3 )
( 6 . 4 . 4 )
P r o c e e d i n g  a s  i n  Appendix VI and a p p l y i n g  a p p r o p r i a t e
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boundary conditions, the solution of equation (6,4*3) is shown 
to be
q = A ~  exp x + Yz) (\r) (6,4.5)
v/here (\r) is the modified Bessel function of the first 
order.
Using equation (6,4.5) the ratio of currents falling on 
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where  W i s  t h e  d r i f t  v e l o c i t y  f o r  t h e  c a s e  where  t h e  m a g n e t i c  n
f i e l d  i s  n o t  z e r o ,  a n d  i s  n o t  i d e n t i c a l  to  W .B z
S i n c e  = 2D
and w r i t i n g  Y = W /W
X /  z
t h e n X
4
w (1 + ( w / W  ) 2 )  D
2 D B
2 2 2
Xo (1 + Y ) (1 + 4Y d)
where  d i s  a  d i m e n s i o n l e s s  f a c t o r  g i v e n  by
ill  c~1) ( I c - h '
( Z c )  ( Z 2 o ' 2 )
f rom  A p p e n d ix  V I I ,
p 53 p
Thus Xh = X h (1 + Y ) (1 + 4Y d)
e Eh (1 + Y 2 ) 2 (1 + 4Y“1 d)
2kT k
w h ic h  w i l l  be w r i t t e n  a s  V. 
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(1 + Y5)*
1
which w i l l  be w r i t t e n  a s  ( u ) 2 
t h a t  i s ,
U
ßY 
\ 1 + Y




1 -  A 
1 + A
(exp (-V (1 - U ) 2 ))
\ 1  ^2UV-V $. Q (UV)n P (V),J  z
1 + ( t o 2 - 1 2 ) + ( 4n2 - 1 2 ) ( 4 n 2 -  32) 
8V (8V) 2 !
e Eh t  ^ s f  ,„2
M  i ;  ( 1 t l )  (1 + 4Y a)  ,
1 + Y 
W
2 ’ 1. 3. 5 . . • ( 2n + 1)
Y = TT" (6 . 4*6 )
These e q u a t i o n s  ( 6 . 4 . 6 )  show, a s  s t a t e d  i n  s e c t i o n  6 .2  
t h a t  t h e  r a t i o  R can be  e x p r e s s e d  w h o l ly  i n  t e r m s  o f  W^/w^ 
and E h /k ^ .
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The 1620 computer was used to generate tables 
terms of the parameters W z and Eh/k^ . Details
of R in 
of the




7•1 Description of the apparatus.
Magnetic deflection experiments were performed in an 
apparatus resembling in principle that described in section 
2.1 but having a constant chamber length. The construction 
of this apparatus can be best understood by reference to 
figure 7.1.1.
The main diffusion chamber lies between two parallel plates 
of separation h = 83.34 mm. Five guard rings of internal 
radius 50 mm (4 complete and one divided into two halves) divide 
the chamber uniformly to control the uniformity of the electric 
field. The guard rings are separated by ground glass spacers 
of thickness 0.5 mm.
The receiving electrode is divided as in figure 7.1.2 and 
consists of a central disk and a larger outer annulus, both of
which are divided by a lateral slit along a diameter
F ig u re  7.1.1
Figure  7.1.2
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The segments of the receiving electrode are held in place 
on a single glass slab to maintain high resistance (10^ ohm) 
between adjacent electrodes and the edges of the segments were 
cut back to reduce interelectrode capacitance. The electrode 
configuration can be adjusted through external connections to 
be either that of central disk and outer annulus (diffusion 
measurements) or two semicircular halves (magnetic deflection 
measurements).
The source electrode consists of a plane electrode with a 
1 mm hole at the origin.
A further ’’preliminary run” electrode is mounted 2 cm 
above the source electrode to provide a field identical to that 
in the main chamber in order that the electrons may come to an 
equilibrium with the field before entering the main chamber.
The source of electrons was a heated platinum spiral above 
the ’’preliminary run” electrode.
The electrode structure is held together with a series of 
four tie rods, insulated from the electrodes by glass sheaths, 
and terminating in a copper ring above the apparatus. This 
was held at a mean potential to reduce the possibility of 
electrical breakdown of the gas.
All electrodes were constructed from copper and plated 
with 24 carat gold in an attempt to achieve a surface of uniform 
work function over the inside of the chamber.
The apparatus was aligned using a Taylor Hobson alignment
99.
telescope, considerable care being taken to ensure that the 
1 mm source hole lay directly above the midpoint of the 
receiving electrode system.
Critical dimensions of the apparatus are:
Total chamber length = 83*34 t 0.03 mm
Guard ring thickness = 16.16 ± 0.005 mm
Spacer thickness = 0.508 ± 0.005 mm
Lower electrode:
Radius of inner ring b = 6.00 ± 0.01 mm (to centre of gap)
Radius of outer ring c = 43*54 ± 0.05 mm (to centre of gap)
Thickness of annular
gap = 0.29 1 0.1 mm
Thickness of lateral
gap = 0.25 - 0.05 mm
Maximum possible error 
in alignment of source 
hole = 0.15 mm.
The complete unit was mounted inside a Pyrex glass envelope 
and leads introduced through tungsten-glass seals at the top and 
bottom of the envelope.
Seals connected to the receiving electrode were coated with 
silicone compound DC200 to repel moisture in order to maintain 
high resistance between seals, and the remainder of the lower 
section was coated in MAqua-dagM, and earthed to ensure that 
the outside surface of the glass remained at a constant 
potential.
The filament was introduced through a B19 cone and socket
1 0 0 .
j o i n t  and h e l d  i n s i d e  an a l l - g l a s s  w a t e r  c o o l e r  which c o n s i s t s  
o f  t h r e e  c o n c e n t r i c  t u b e s  t h r o u g h  which a f low  o f  w a t e r  a t  room 
t e m p e r a t u r e  (20°C) was p a s s e d .  The w a t e r  c o o l e r  i n  t u r n  i s  
mounted i n t o  the  a p p a r a t u s  t h r o u g h  a B55 cone and s o c k e t  j o i n t .
The two h a l v e s  o f  the  g l a s s  e n v e l o p e  were j o i n e d  a t  a 
c o p p e r  r i n g  and s e a l e d ,  ( a s  were the  f i l a m e n t  and w a t e r  c o o l e r )  
w i th  Apiezon W40 wax.
7 . 1 . 1  U n i f o r m i t y  o f  e l e c t r i c  f i e l d .
The most  i m p o r t a n t  d i f f e r e n c e  be tw e e n  t h i s  a p p a r a t u s  
and th e  one d e s c r i b e d  i n  s e c t i o n  2 . 1 ,  e x c e p t  f o r  t h e  
f l e x i b i l i t y  o f  a p p l i c a t i o n  o f  t h e  l a t t e r ,  i s  t h e  means o f  
p r o d u c i n g  a u n i f o r m  f i e l d .
In  t h e  e a r l i e r  a p p a r a t u s ,  t h e  e l e c t r i c  f i e l d  was 
g e n e r a t e d  by a v o l t a g e  a p p l i e d  be tween  two p a r a l l e l  e l e c t r o d e s ,  
and a s e r i e s  o f  1 mm t h i c k n e s s  gua rd  r i n g s  had been  p l a c e d  
a t  r e g u l a r  i n t e r v a l s  be tw ee n  t h e s e  ( s e e  f i g u r e  2 . 1 . 1 ) .
While t h e o r e t i c a l l y  p r o v i d i n g  u n i f o r m i t y  o ve r  a l m o s t  th e  
e n t i r e  volume o f  t h e  cham ber ,  t h i s  a r r a n g e m e n t  was, 
however ,  u n l i k e l y  to  p roduce  a h i g h  d e g r e e  o f  u n i f o r m i t y  
anywhere b e c a u s e  o f  g e o m e t r i c  d i s t o r t i o n  o f  t h e  e l e c t r o d e s .
In  a d d i t i o n ,  due to  the  l a r g e  s p a c i n g s  be tween  t h e  r i n g s ,  
any c h a r g e  b u i l t  up on t h e  i n n e r  w a l l s  o f  the g l a s s  
en v e lo p e  c o u l d  a l s o  i n f l u e n c e  t h e  u n i f o r m i t y  of  t h e  
e l e c t r i c  f i e l d  w i t h i n  th e  cham ber .
The i n f l u e n c e  of  a  non u n i fo rm  f i e l d  was d e m o n s t r a t e d
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i n  an e a r l i e r  e x p e r i m e n t  made u s i n g  p o s i t i v e  i o n s .  At 
an E /p  o f  0 . 3  v o l t s  cm mm Hg the  v a l u e  o f  f o r  K 
i o n s  i n  h y d ro g e n  i s  known to  be 1 .00  and t h i s  f a c t  
p r o v i d e d  a v e r y  good ch ec k  on t h e  a c c u r a c y  o f  t h e  me thod .
An a p p a r a t u s  o f  s i m i l a r  c o n s t r u c t i o n  to t h a t  o f  
s e c t i o n  2.1 was s e t  up and i n i t i a l l y  t h e  e r r o r  i n  the
m easured  v a l u e  o f  k^ f o r  K+ i o n s  i n  hyd ro g en  a t  an E/p  o f
“ 1 “ 10 . 3  V cm mm Hg was found  to be of  th e  o r d e r  o f  3$.
On v a r y i n g  t h e  v o l t a g e  be tw een  th e  f i n a l  two gu a rd  r i n g s  
by 10% t h e  a p p a r e n t  v a l u e  o f  k^ was changed  by 3%• I t
was deduced  t h a t  t h e  p o s s i b l e  d i s t o r t i o n  i n t r o d u c e d  by 
e r r o r s  i n  th e  r e s i s t o r  c h a i n  used  i n  s e t t i n g  t h e  v o l t a g e s  
o f  the  g u a rd  r i n g s  was o f  the  o r d e r  o f  0.3/^.
To e s t a b l i s h  t h a t  t h e  i n i t i a l  e r r o r  of  3$ was due to  
d i s t o r t i o n  o f  th e  e l e c t r i c  f i e l d ,  an a p p a r a t u s  was b u i l t  
c o n s i s t i n g  on ly  o f  a  s o u r c e  e l e c t r o d e  and a r e c e i v i n g  
e l e c t r o d e ,  each  o f  d i a m e t e r  30 cm, and s e p a r a t e d  by a 
h e i g h t  h o f  10 cm. A ch e c k  i n  an  e l e c t r o l y t i c  t a n k  
showed t h a t  no f i e l d  d i s t o r t i o n  was d e t e c t a b l e  a t  a  r a d i u s  
o f  5 cm from th e  c e n t r a l  a x i s .  To e l i m i n a t e  d i s t o r t i o n  
from o u t s i d e  s o u r c e s  and i n  p a r t i c u l a r  from t h e  vacuum 
c o n t a i n e r  which was,  i n  t h i s  c a s e ,  o f  s t e e l ,  a  c o i l  w i th  
an e x t e r n a l  f o r m e r  was used  i n  p l a c e  o f  g ua rd  r i n g s .
This  c o i l  was o f  33 gauge  n ichrome and o f  4 ,000  t u r n s  and
r e s i s t a n c e  3 ,3 3 4  Ohms.
102
With t h i s  a p p a r a t u s ,  t h e  v a l u e  o f  was found  to  be 
1 .00  to  w i t h i n  t h e  l i m i t s  o f  a c c u r a c y  o f  m e a s u r i n g  
equ ipm en t  ( a t  t h a t  t ime 0 . 5 $ )  a t  v a l u e s  of  E /p  o f  0 . 3  and 
0 . 4  V cm  ^ mm Hg
To d e t e r m i n e  t h e  e f f e c t s  of  f i e l d  d i s t o r t i o n ,  the  
v o l t a g e  d rop  a c r o s s  the  c o i l  was a l t e r e d  by 2$ w h i le  t h e  
v o l t a g e  be tw een  the  e l e c t r o d e s  was unchanged ,  t h e r e b y  
d i s t o r t i n g  t h e  e l e c t r i c  f i e l d  w i t h i n  the  cham ber .  Th is  
had t h e  e f f e c t  o f  c h a n g i n g  th e  v a l u e  o f  k^ by 0 . 0 1 8 ,  th u s  
an e r r o r  o f  1$ i n  th e  c o i l  v o l t a g e  i n  t h i s  a p p a r a t u s  
changed the  a p p a r e n t  v a l u e  o f  k^ by a p p r o x i m a t e l y  0 . 1 $ .
This a p p a r a t u s  was l a t e r  u sed  to  i n v e s t i g a t e  the 
t e m p e r a t u r e  v a r i a t i o n s  and r e s u l t a n t  e f f e c t s  c a u s e d  by the  
h e a t i n g  o f  th e  gas  by th e  f i l a m e n t  ( s e e  s e c t i o n  3*3«6) .
A f t e r  c a r r y i n g  ou t  e x p e r i m e n t s  w i th  s i m i l a r  t y p e s  of  
a p p a r a t u s  i t  was found  t h a t  the  b e s t  s o l u t i o n  c o u l d  be 
o b t a i n e d  by u s i n g  v e r y  t h i c k  g u a rd  r i n g s  and n a r ro w  s p a c e r s .  
This  s o l u t i o n  was to  be p r e f e r r e d  a s  i t  s u f f e r e d  from 
n e i t h e r  o f  the  drawbacks  m e n t io n e d  above .  A l th o u g h  very  
h eavy ,  th e  a p p a r a t u s  was c a p a b l e  o f  c o n s t r u c t i o n  to  a ve ry  
h ig h  d e g r e e  o f  a c c u r a c y  and,  b e c a u s e  o f  the  t h i c k n e s s  o f  
t h e  r i n g s ,  was n o t  p rone  to any m e c h a n i c a l  d i s t o r t i o n .
A ls o ,  th e  g u a rd  r i n g s  p r e s e n t e d  an a l m o s t  c o n t i n u o u s  f a c e  
of  m e ta l  to  t h e  chamber and th u s  p r o v i d e d  an e f f e c t i v e  
s h i e l d  from t h e  o u t e r  i n s u l a t i n g  w a l l s  o f  t h e  cham ber .
1 0 3 .
The a n a l y t i c  s o l u t i o n  f o r  t h e  e l e c t r i c  f i e l d  i s  
d i s c u s s e d  i n  Appendix IX. Prom t h i s  d i s c u s s i o n  i t  i s  
a p p a r e n t  t h a t ,  f o r  an a p p a r a t u s  o f  the  d im e n s i o n s  u sed  
h e r e ,  w i t h i n  a r a d i u s  o f  2 .5  cm from t h e  c e n t r a l  a x i s ,  
the  f i e l d  d i s t o r t i o n  i s  l e s s  t h a n  0.01% and w i t h i n  a 
r a d i u s  o f  3*0 cm th e  d i s t o r t i o n  i s  l e s s  t h a n  0.05%.
7*2 M e a s u r in g  e q u i p m e n t .
M easurements  were made u s i n g  th e  do u b le  e l e c t r o m e t e r  
i n d u c t i o n  b a l a n c e  d e s c r i b e d  i n  s e c t i o n  2 . 2 .
The o n ly  v a r i a t i o n  n e c e s s a r y  was to s e p a r a t e  the  a p p a r a t u s  
from th e  m e a s u r i n g  equ ipm en t  by s i x  f e e t  to  p r e v e n t  i n t e r f e r e n c e  
from t h e  m a g n e t i c  f i e l d .  This  was a c h i e v e d  by u s i n g  l o n g e r  
s h i e l d e d  l e a d s ,  c o n s i s t i n g  o f  s i n g l e  s t r a n d s  of  0 . 0 0 1 4 ” n ich rom e  
w i r e  h e l d  i n s i d e  a p a i r  o f  1-g-” d i a m e t e r  b r a s s  t u b e s  by h ig h  
r e s i s t a n c e  p o l y s t y r e n e  end p i e c e s .
7*3 A s s o c i a t e d  e l e c t r i c a l  e q u i p m e n t .
This  i s  b e s t  e x p l a i n e d  by r e f e r e n c e  to  f i g u r e  7 . 3 . 1 .
The v o l t a g e  a p p l i e d  a c r o s s  th e  d i f f u s i o n  chamber  was 
o b t a i n e d  from a J ohn  F luke  ty p e  301E power s u p p ly  which  c o u ld  
be s e t  a c c u r a t e l y  to  w i t h i n  0.1% o f  th e  a p p l i e d  v o l t a g e .  A 
v o l t a g e  d i v i d e r  c h a i n  c o n s i s t i n g  o f  s i x  I . R . C .  w ire -w ound  
r e s i s t o r s ,  f i v e  of  which had r e s i s t a n c e s  of  (100 -  0 . 0 2 )  x 10^ 
ohm and a s i x t h  o f  (120 -  0 . 0 2 )  x 10' ohm, e n a b l e d  t h e  c o r r e c t  
v o l t a g e s  to  be a p p l i e d  to  th e  gua rd  r i n g s  and a c r o s s  t h e  2 cm
F t L A MI N T
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" p r e l i m i n a r y  r u n "  r e g i o n .  The o u t p u t  o f  the  v o l t a g e  s u p p ly  
was t h e r e f o r e  s e t  a t  62/ 5O t i m e s  the r e q u i r e d  v o l t a g e  a c r o s s  
the d i f f u s i o n  cham ber .  The a p p l i e d  v o l t a g e s  were checked  w i t h  
a John  F lu k e  v o l t m e t e r  and found  to d i f f e r  by l e s s  t h a n  0 . 0 5 $  
from th e  c a l c u l a t e d  v a l u e s .
The p u l l - o f f  v o l t a g e s  be tw een  the  f i l a m e n t ,  " p r e l i m i n a r y
ru n "  and s o u r c e  e l e c t r o d e s  were s u p p l i e d  from 90 V dry  c e l l s
5
c o n t r o l l e d  w i th  10 ohm w ire-wound p o t e n t i o m e t e r s .
C u r r e n t  to  h e a t  t h e  f i l a m e n t  was o b t a i n e d  from a s p e c i a l l y  
d e s ig n e d  c u r r e n t - s t a b i l i z e d  power s u p p l y .  Th is  was c a p a b l e  o f  
d e l i v e r i n g  2 amps a t  up to 6 v o l t s  w i th  a n e g l i g i b l e  s h o r t  te rm 
d r i f t  and a l o n g  te rm d r i f t  o f  l e s s  t h a n  0 . 5  mV/hour.  Due to  
the  v e r y  s t e e p  e m i s s i o n  c u rv e  o f  t u n g s t e n ,  l a r g e  v a r i a t i o n s  i n  
e m i s s i o n  c u r r e n t  were o b s e r v e d  i f  l e a d  c e l l s  or  a l e s s  h i g h l y  
s t a b i l i z e d  power s u p p ly  were u s e d .
7 . 4  Vacuum e q u i p m e n t .
7 . 4 . 1  Vacuum s y s t e m .
The vacuum s y s tem ,  which i s  b a s i c a l l y  t h a t  d e s c r i b e d
i n  s e c t i o n  2 . 4 . 1 ,  i s  shown s c h e m a t i c a l l y  i n  f i g u r e  7 . 4 . 1 .
A 5 l i t r e / s e c o n d  "V a c io n "  g e t t e r - i o n  pump was u sed  a s
—6a second  s t a g e  pump and p r e s s u r e s  o f  l e s s  th a n  10 mm Hg 
were a c h i e v e d  d u r i n g  pump-down. On i s o l a t i n g  the  vacuum 
sys tem  ( i n c l u d i n g  p r e s s u r e  g a u g e s )  from the  pumps, a
p r e s s u r e  r i s e  o f  l e s s  t h a n  0 . 5  m i c ro n s  i n  24 h o u r s  was
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observed, the volume of the system being approximately 
2 litres.
The experimental tube itself was connected to the 
vacuum system by a previously outgassed Granville Phillips 
type C ultrahigh vacuum tap which could be used to isolate 
the tube from the vacuum system during the taking of 
measurements. An ionization gauge head, connected to the 
experimental tube, enabled its outgassing rate to be 
determined and this was found to be of the order of 0.1 
micron per 24 hour, the volume of the tube being 
approximately 6 litres.
7.4.2 Pressure measurement.
A pair of precision capsule gauges of the type 
described in section 2.4.2 was used to measure gas 
pressures. These covered the ranges 0 -20 mm Hg and 
0 -500 mm Hg, each gauge having an accuracy of approximately 
0.1^ of full scale. The glass coverplates of the gauges 
(Crompton and Elford, 1957) were sealed using a ring seal 
of W40 wax.
7.4.3 Gas inlet system.
All the gas used was of Matheson "research grade" 
purity and was obtained from high pressure cylinders.
Gas was admitted to the experimental tube through a 
Matheson regulator followed by an ultra high vacuum tap.
The ultra high vacuum tap served both to regulate the
1 0 6 .
f low and to i s o l a t e  th e  s y s t e m .  The g a s  i n l e t  system 
c o u ld  be e v a c u a t e d  up to  the  main  s h u t  o f f  v a l v e  on t h e  
g a s  c y l i n d e r .
The r a t e  of  p r e s s u r e  r i s e  i n t o  th e  vacuum system due 
to  t h e  gas  i n l e t  sys tem  was found  to be l e s s  t h a n  3 m i c ro n s  
p e r  24 h o u r s .  However,  s i n c e  t h e  i n l e t  sys tem  i s  i s o l a t e d  
f o r  a l l  b u t  s h o r t  p e r i o d s  d u r i n g  t h e  a d m is s i o n  o f  g a s ,  t h i s  
does  n o t  r e p r e s e n t  a s i g n i f i c a n t  i n c r e a s e  i n  th e  b ack g ro u n d  
r a t e  of  r i s e  o f  p r e s s u r e  o f  the vacuum s y s t e m .
7 . 5  M agne t ic  f i e l d  c o i l s .
To d e f l e c t  the  beam m a g n e t i c a l l y  a p a i r  o f  H e lm h o l tz  c o i l s  
c a p a b le  o f  p r o d u c i n g  300 g a u s s  was u s e d .
The c o i l  sys tem was d e s i g n e d  to e n a b l e  a u n i fo rm  m a g n e t i c  
f i e l d  to  be p ro d u c e d  whose v a r i a t i o n  from u n i f o r m i t y  was l e s s  
t h a n  0 . 2 $  o v e r  th e  c e n t r a l  volume o f  th e  chamber ,  t h a t  i s ,  o v e r  
the  volume i n  which t h e  e l e c t r i c  f i e l d  was c o n s i d e r e d  u n i f o r m .  
Formulae g i v e n  by B a r k e r  (1949)  were u s e d  to  c a l c u l a t e  the 
optimum v a l u e  o f  c o i l  r a d i u s  and s e p a r a t i o n  and t h i s  was found  
to be 26 cm.
Each c o i l  c o n s i s t e d - o f  310 t u r n s  o f  7 gauge d o u b le  c o t t o n  
c o v e re d  c o p p e r  w i r e ,  c l o s e l y  wound i n t o  an a lumin ium f o r m e r  
such t h a t  t h e  mean r a d i u s  was 26 cm. The w in d in g s  were p l a c e d  
i n  20 l a y e r s  o f  a l t e r n a t e l y  16 and 15 t u r n s  i n  o r d e r  t h a t  the
r a t i o  o f  b r e a d t h  to  d e p t h  o f  th e  w in d in g s  s h o u ld  c l o s e l y
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approximate the ideal value of 0.861 (Barker, 1949).
The coils were mounted on brass supports about the 
apparatus with a mean separation of 26 cm. The total 
resistance of the coil pair was of the order of 1.0 ohm at 
room temperature.
Current for the coils was supplied from "Regatran” model 
PV 36 -30 M power supply, wired to supply constant current up 
to 36V, 30 amps and with a load regulation of 0.1$. Current 
was measured using a 0.01 substandard resistor (Leeds and 
Northrup) and a John Fluke differential voltmeter, enabling 
the current to be measured to 0.1$.
Before the coils were set up the calibration was checked 
using a Bell "240" incremental gaussmeter which was capable of 
measuring incremental fields to 0.1$ and absolute fields to 1$.
The variation of the field within a radius of 3 cm from the 
axis of the apparatus and lying between the planes of the 
electrodes was found to be less than 0.2$.
The field for a pair of Helmholtz coils is given by the 
formula





is the field in gauss
is the number of turns in each coil
is the current in amps: and
is the mean radial distance of the coils from the 
centre of the field.
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F or  t h e  c o i l s  u sed  h e r e ,
-D 16 7T x 310 x I
ij — _ 1
50 X 26 X n r / 2 
= 1 0 .72  I  g a u s s .
On c h e c k i n g ,  t h e  c a l c u l a t e d  m a g n e t i c  f i e l d  was f o u n d  to 
a g r e e  w i th  t h e  g a u s s m e t e r  to  w i t h i n  t h e  l i m i t s  o f  a c c u r a c y  o f  
th e  m e t e r .  D u r in g  m e asu re m en ts  th e  c u r r e n t  was s e t  to a  v a lu e  
such  t h a t  t h e  m a g n e t i c  f i e l d  was w i t h i n  a few p e r c e n t  o f  the  
v a l u e  q u o te d  i n  e x p e r i m e n t a l  r e s u l t s .  For  each  c u r r e n t  r a t i o  
m e a su re d ,  th e  v a l u e  of  th e  c u r r e n t  was r e a d  and the  c o r r e s p o n d i n g  
v a l u e  of  B u s e d  i n  c a l c u l a t i o n .
S i n c e  t h e  m a g n e t i c  f i e l d  l a y  a l o n g  a n o r t h - s o u t h  a x i s ,  the  
h o r i z o n t a l  component  o f  th e  e a r t h ' s  m a g n e t i c  f i e l d ,  0 . 4 0  g a u s s ,  
was added to  B i n  ea c h  c a s e .
7 .6  F a c t o r s  d e t e r m i n i n g  t h e  r a n g e  o f  p a r a m e t e r s  u s e d .
7 . 6 . 1  D i f f u s i o n  m e a s u r e m e n t s .
I n  t h i s  a p p a r a t u s  the  r a d i u s  o f  the  c e n t r a l  d i s k  b,  
was 6 . 0 0  -  0 .01  mm and the  h e i g h t  o f  t h e  chamber  h ,  was 
8 5 . 3 4  mm. U s i n g  t h e s e  v a l u e s  i n  c o n j u n c t i o n  w i th  t h e  
com pu te r  programme o f  Appendix  III , a com ple te  s e t  o f  
t a b l e s  o f  Eh/k^ a g a i n s t  X was drawn up .
For  t h e s e  t a b l e s  a  f u r t h e r  t a b l e  g i v i n g  th e  p e r c e n t a g e  
change i n  Eh/k  f o r  0 .1  d i v i s i o n  change  i n  X was drawn u p .  
Th is  i s  g iv e n  a s  t a b l e  7 . 6 . 1 .
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Prom t a b l e  7 . 6 . 1  i t  can  be s een  t h a t  to m a i n t a i n  an 
a c c u r a c y  o f  b e t t e r  t h a n  0 . 4 ^  f o r  a 0 .1  d i v i s i o n  change  i n  
d i a l  r e a d i n g  i t  i s  n e c e s s a r y  t h a t  
0 . 2  <T R <T 0 . 9  
t h a t  i s ,  4 .0  Eh/k^ <  50 
which  c o r r e s p o n d  to v a l u e s  o f
X >  25, R = X /(100  + X)
X >  10, R = 1 0 0 / (1 0 0  + X)
TABLE 7 . 6 . 1 .
P e r c e n t a g e  change  i n  Eh/k^ f o r  





r  100 
100 + X
R Eh A , P e r c e n t a g e
change
10 0 .091 1 .814 0 . 9 9
20 0 .1 6 6 3 .5 1 6 0 . 4 5
25 0 . 2 0 0 4 .316 0 . 3 7
50 0 .231 5 .083 0 .2 9
50 0 . 3 3 3 7 . 8 8 3 0 . 1 6
100 100 0 . 5 0 0 13 .512 0 . 0 7
50 0 . 6 0 0 21 .4 4 5 0 . 1 2
30 0 .769 28 .640 0 . 1 7





10 0 . 9 0 9 46 .867 0 . 3 6
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7 . 6 . 2  M agne t i c  d e f l e c t i o n  m e a s u r e m e n t s .
Prom t a b l e s  drawn up a c c o r d i n g  t o  t h e o r y  d e r i v e d  i n  
c h a p t e r  6 f o r  a  m a g n e t i c a l l y  d e f l e c t e d  s t r e a m ,  i t  can be 
s een  t h a t  f o r  v a l u e s  o f  R such  t h a t  
0 . 3  <f R <T 0 . 9  
and f o r  v a l u e s  o f  Eh/k^ such  t h a t  
3 <f E h /k  <  100
th e  v a l u e s  o f  Y = W /W a r e  l i m i t e d  toyJ z
0 .1 0 0 0  >  Y >  0 . 0 0 1 0 .
For ze ro  m a g n e t i c  f i e l d ,  t h e  r a t i o  R o f  the  c u r r e n t s  
f a l l i n g  on th e  two h a l v e s  o f  t h e  e l e c t r o d e  was fo u n d  n o t  
t o  be e x a c t l y  1 .00  due to  the  s l i t  l y i n g  a p p r o x i m a t e l y  
0 . 0 0 2 M from th e  a x i s  o f  the  a p p a r a t u s .  For  t h i s  r e a s o n  i t  
was n e c e s s a r y  to r e p e a t  a l l  m e asurem en ts  u s i n g  a  m a g n e t i c  
f i e l d  o f  o p p o s i t e  p o l a r i t y  to  o b t a i n  th e  c o r r e c t  v a l u e  o f  R.
Also b e c a u s e  o f  t h i s  i n e q u a l i t y ,  i t  was n e c e s s a r y  t o  
work w i th  an a p p r e c i a b l e  d e f l e c t i o n  a t  a l l  t i m e s  to  
m in im ize  any e r r o r s  which m igh t  o c c u r .  The v a l u e  o f  R 
d u r i n g  m a g n e t i c  d e f l e c t i o n  m e asu re m en ts  was t h e r e f o r e  
l i m i t e d  to  v a l u e s  o f  l e s s  t h a n  0 . 8 5 .
7 . 6 . 3  F i e l d  d i s t o r t i o n  l i m i t a t i o n s .
In  Appendix  IX i t  i s  shown t h a t  f o r  f i e l d  d i s t o r t i o n  
o f  l e s s  th a n  0 . 0 1 $  i t  i s  n e c e s s a r y  to rem a in  w i t h i n  2 . 5  cm 
o f  the  a x i s  and w i t h i n  3 .0  cm f o r  d i s t o r t i o n  o f  l e s s  t h a n  
0 . 0 5 $ .
Using the programme from Appendix III with values of 
b/h of 0.30, 0.36 and 0.511 respectively, it can be shown 
that
(a) so that 99*9$ of the current remains inside r = 2.5 cm,
the value of Eh/k^ must be greater than 7.9,
(b) so that 99.9$ of the current remains inside r = 3.0 cm,
the value of Eh/k^ must be greater than 5*5»
(c) so that 99.9$ of the current remains inside r = 4.25 cm,
i.e., the radius of the outer annulus, the value of 
Eh/k^ must be not less than 2.8.
Prom the above it can be seen that to be both 
consistent with the requirements of section 7.6.1 and to 
ensure that 99.9$ of the electrons remain within the region 
not subject to field distortion, it is necessary to work 
within the limits
5.5 <TEh/k 50.
To ensure that the deflected beam also remains within 
the region of uniform field, certain further restrictions 
must be applied. Prom Table IX.1, Appendix IX, it can be 
seen that for 99*9$ of the electron beam to be within a 
volume where the field distortion does not exceed 0.3$, 
this proportion must be contained within a volume of radius 
3.5 cm from the central axis. The portion of the beam 
lying in the outer region of maximum distortion (i.e. up to 
0.3$) will in general be small and since this region lies
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well away from the electrode division, no error in the 
current ratio on this account would be expected.
To simplify the calculations of the limits to be 
imposed, the following approximations are made.
(l) If b is the distance from the central slit of an 
imaginary slit which divides the incident beam 
equally then, following Townsend
(2) The distribution of the deflected beam about the
point (b, O) on the receiving electrode is little 
different from that of the undeflected beam about 
the point (0, O).
Applying these approximations to the maximum value of 
used, = b/h = 0*060, b = 0.5, hence it can be
assumed that the centre of the beam has been displaced 
0.5 cm from the central axis. Therefore to obey the 
conditions discussed above, 99*9$ of the beam must be 
contained within a radius (3.5 - 0.5) = 3.0 cm from the 
centre of the beam. This condition is identical to that 
discussed for the undeflected beam, i.e., that Eh/k^ 5*5.
For the case of a more widely diverging stream, that 
is, one with a smaller value of Eh/k^, it is necessary
that the value of W W be still further restricted so that
no portion of the electron stream falls outside the region 
of uniform electric field.




MEASUREMENT OF DRIFT VELOCITY BY A 
TIME-OF-FLIG-HT METHOD«
8 .1  I n t r o  d u e t i o n .
The method u s e d  to  m easure  d r i f t  v e l o c i t i e s  i n  t h i s  work 
i s  one i n  which t h e  d r i f t  v e l o c i t y  can be d e t e r m i n e d  a b s o l u t e l y ,  
t h a t  i s ,  w i t h o u t  t h e  knowledge  o f  th e  f u n c t i o n  d e s c r i b i n g  the  
d i s t r i b u t i o n  o f  a g i t a t i o n a l  v e l o c i t i e s  w i t h i n  the  e l e c t r o n  
swarm.
Th is  me thod,  c o n s i d e r e d  to  be t h e  mos t  a c c u r a t e  f o r  t h i s  
work,  i s  t h e  t i m e - o f - f l i g h t  method o f  B radbu ry  and N i e l s e n  
(1 9 3 6 ,  1937) i n  which  t h e  t ime t a k e n  by e l e c t r o n s  t o  t r a v e l  
be tw ee n  two g r i d s  o r  ’' s h u t t e r s ” i s  m easured  d i r e c t l y .  Duncan 
(1957 )  gave  a t h e o r e t i c a l  a c c o u n t  o f  s e v e r a l  c o r r e c t i o n s  to be 
made to the  m e asu re m en ts  which  were q u a l i t a t i v e l y  v e r i f i e d  by 
Crompton,  H a l l  and M ack l in  (1 9 5 7 ) •  Lowke (1962 ,  1963) c a r r i e d
o u t  a more t h o ro u g h  r e v i e w  o f  th e  method and o b t a i n e d  e x c e l l e n t
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q u a n t i t a t i v e  a g re e m e n t  be tw ee n  e x p e r i m e n t a l  measurement and 
t h e o r e t i c a l  p r e d i c t i o n .
I n  t h e  p r e s e n t  work,  t h e  above method h a s  been  u sed  w i th  
m in o r  m o d i f i c a t i o n  o n ly  i n  t h e  c o n s t r u c t i o n  of  the  a p p a r a t u s .
8 . 2  The method  o f  B rad b u ry  and N i e l s e n .
The o r i g i n a l  method o f  B ra d b u ry  and N i e l s e n  was f i r s t  
d e s c r i b e d  by them i n  1936 and th e  method r em a in s  e s s e n t i a l l y  
the  same to d a y  (B rad b u ry  and N i e l s e n ,  1936, N i e l s e n ,  1936) .
D i a g r a m m a t i c a l l y  t h e i r  a p p a r a t u s  i s  shown i n  f i g u r e  8 . 2 . 1 .  
A z i n c  p l a t e  P was a c t i v a t e d  by u l t r a v i o l e t  l i g h t  and the  
e l e c t r o n s  so e m i t t e d  moved to w a rd s  the  r e c e i v i n g  e l e c t r o d e  Q 
u n d e r  th e  i n f l u e n c e  o f  a u n i f o r m  e l e c t r i c  f i e l d .  G and G* 
were g r i d s  o f  N o . 40 c o p p e r  w i r e s  mounted 1 mm a p a r t  on m ica  
f r a m e s .  Between a l t e r n a t e  w i r e s  of  t h e s e  g r i d s  a  h ig h  
f r e q u e n c y  a l t e r n a t i n g  p o t e n t i a l  was a p p l i e d ,  t h e  f r e q u e n c y  and 
m a g n i tu d e  o f  which  c o u ld  be  v a r i e d  "be tw een  wide l i m i t s " .  The 
mean p o t e n t i a l s  o f  G and G’ were t h o s e  a p p r o p r i a t e  to the  
u n i f o r m  e l e c t r i c  f i e l d .
In  g e n e r a l  an e l e c t r o n  which  r e a c h e d  G would be swept o u t  
to  t h e  g r i d  w i r e s  and the  c u r r e n t  t r a n s m i t t e d  t h r o u g h  G would 
be z e r o .  I f ,  how ever ,  t h e  e l e c t r o n s  r e a c h e d  th e  g r i d  a t  a 
t ime when t h e  a l t e r n a t i n g  f i e l d  was z e r o ,  or v e ry  n e a r l y  z e r o ,  
t r a n s m i s s i o n  o f  e l e c t r o n s  would o c c u r .  I n  t h i s  way a  s e r i e s  
o f  p u l s e s  of  e l e c t r o n s  would p a s s  t h r o u g h  G and be c a r r i e d
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to w ard s  G1 by t h e  u n i fo rm  f i e l d .  The w i r e s  o f  G* were s u b j e c t  
to  an a l t e r n a t i n g  p o t e n t i a l  o f  the  same f r e q u e n c y ,  m a g n i tu d e ,  
and phase  a s  t h o s e  o f  G and i f  th e  e l e c t r o n  p u l s e  from G 
a r r i v e d  a t  G1 a t  any t im e  o t h e r  t h a n  when t h e  a l t e r n a t i n g  
v o l t a g e  was a g a i n  p a s s i n g  t h r o u g h  z e r o ,  th e  e l e c t r o n s  would be 
swept o u t  to  th e  g r i d  w i r e s .  I f ,  how ever ,  t h e  d r i f t  v e l o c i t y  
o f  th e  e l e c t r o n s  was such  t h a t  th e y  t r a v e r s e d  the d i s t a n c e  
be tween  G and G* i n  e x a c t l y  one h a l f  c y c l e  ( o r  m u l t i p l e  t h e r e o f ) ,  
t h e  v o l t a g e  be tw een  the  w i r e s  o f  G* would be ze ro  when t h e  
e l e c t r o n s  a r r i v e d  a t  Gr and th e y  would p a s s  t h r o u g h  to  be 
c o l l e c t e d  a t  the  r e c e i v i n g  e l e c t r o d e  Q.
Thus ,  by v a r y i n g  e i t h e r  th e  d r i f t  v e l o c i t y  of  th e  e l e c t r o n s  
o r  t h e  f r e q u e n c y  o f  t h e  a l t e r n a t i n g  p o t e n t i a l ,  a s h a r p  maximum 
c o u ld  be r e c o r d e d  i n  the  c u r r e n t  c o l l e c t e d  a t  Q a t  t h a t  
c o m b in a t i o n  o f  d r i f t  v e l o c i t y  and f r e q u e n c y  which  p e r m i t t e d  the  
e l e c t r o n s  to p a s s  be tween  G a n d  G' i n  e x a c t l y  one h a l f  c y c l e  or  
m u l t i p l e  t h e r e o f .
I f  h was the  d i s t a n c e  be tw e e n  the  two g r i d s  and f  the  
f r e q u e n c y  of  t h e  s i g n a l  a p p l i e d  to  the g r i d s ,  t h e n  th e  d r i f t  
v e l o c i t y  W was g i v e n  by the  r e l a t i o n
V = m
where m i s  an i n t e g e r .
Bradbury  and N i e l s e n  (1936)  u sed  f r e q u e n c i e s  be tw e e n  10^
7
and 10 c y c l e s  p e r  second  and a p o t e n t i a l  b e tw ee n  t h e  g r i d s  of
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be tween  0 and 200 v o l t s  u s i n g  g ua rd  r i n g s  F t o  m a i n t a i n  a 
un i fo rm  f i e l d  be tw een  the g r i d s .  The a p p a r a t u s  was e n c l o s e d  
i n  a P y rex  e n v e l o p e  and was c a p a b le  of  b e i n g  o u t g a s s e d  a t  a 
m ode ra te  t e m p e r a t u r e .
I t  was found  c o n v e n i e n t  to h o ld  th e  f r e q u e n c y  c o n s t a n t  and 
to  v a ry  the  d r i f t  v e l o c i t y  by v a r y i n g  the  e l e c t r i c  f i e l d  be tween  
th e  two g r i d s .  I n  t h i s  way a cu rv e  of  V a g a i n s t  E /p  was drawn 
f o r  d i f f e r i n g  v a l u e s  o f  E and p i n  h y d ro g e n .
N i e l s e n  ( 1936) e x t e n d e d  t h e  m easu rem en ts  to  i n c l u d e  
m easurem en ts  i n  n i t r o g e n  and the  r a r e  g a s e s .  I t  was found more 
c o n v e n i e n t  to  h o ld  t h e  p o t e n t i a l  a c r o s s  the chamber  c o n s t a n t  
and to v a ry  t h e  f r e q u e n c y  o f  the  s i g n a l  a p p l i e d  to  t h e  g r i d s  
and hence  an o s c i l l a t o r  w i t h  a f l a t  f r e q u e n c y  r e s p o n s e  was 
employed.
In  the  r a r e  g a s e s  N i e l s e n  found  t h a t  due to  t h e  h ig h  random 
energy  o f  the  e l e c t r o n s ,  the  e f f i c i e n c y  o f  t h e  o p e r a t i o n  of  the  
g r i d s  d e c r e a s e d  a t  h i g h e r  E / p  and the  c u r r e n t  maxima became 
b ro a d  and f l a t *  A new a p p a r a t u s  was c o n s t r u c t e d  i n  w h ic h th e  
s p a c i n g  of  t h e  g r i d  w i r e s  was r e d u c e d  by 50$ ,  t h u s  e n a b l i n g  
tw ic e  the r a n g e  o f  E /p  to  be c o v e r e d .  A g r i d  o f  t u n g s t e n  
f i l a m e n t s  was u s e d  i n  p l a c e  o f  t h e  u l t r a v i o l e t  s o u r c e  and the  
h e a t i n g  e f f e c t  o f  t h e s e  f i l a m e n t s  was found to  c au s e  a 
n e g l i g i b l e  d e v i a t i o n  i n  the  r e s u l t s .
N i t r o g e n  was o b t a i n e d  by p a s s i n g  com m erc ia l  n i t r o g e n  o v e r  
h e a t e d  c o p p e r  and th r o u g h  c o l d  t r a p s ,  w h i l e  h e l iu m  and the  o t h e r
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g a s e s  were from g l a s s  f l a s k s  which were c l a im e d  to  be 99*8$ 
p u r e .
The work was f u r t h e r  e x t e n d e d  ( N i e l s e n  and B ra d b u ry ,  1937) 
to i n c l u d e  b o t h  e l e c t r o n  and i o n  d r i f t  v e l o c i t i e s  i n  a t t a c h i n g  
g a s e s .
8 . 3  E r r o r s  due to d i f f u s i o n .
8 .3*1 E r r o r s  d i s c u s s e d  by Duncan and by Crompton,  H a l l  and 
M a c k l i n .
B rad b u ry  and N i e l s e n ,  u s i n g  an a p p a r a t u s  o f  l e n g t h  
5 .93  cm, assumed t h a t  an e l e c t r o n  p u l s e  t r a v e l l e d  
u n d i s t o r t e d  be tw een  the  two s h u t t e r s  o f  t h e  a p p a r a t u s  and 
hence  t h a t  t h e  d r i f t  v e l o c i t y  cou ld  be g iv e n  by 
W = 2 f h
where f  was t h e  f r e q u e n c y  a t  which t h e  f i r s t  c u r r e n t  
maximum o c c u r r e d .
Duncan (1957)  i n v e s t i g a t e d  the e l e c t r o n  c o n c e n t r a t i o n  
t h e o r e t i c a l l y ,  t a k i n g  i n t o  a c c o u n t  t h e  d i f f u s i o n  of  th e  
e l e c t r o n s  w i t h i n  t h e  p u l s e .  He showed t h a t ,  i f  i s  the 
m easu red  d r i f t  v e l o c i t y ,  t h e n  the  t r u e  d r i f t  v e l o c i t y  W i s  
g iv e n  by the  e x p r e s s i o n
wm = m  1 + w s y )
This  r e l a t i o n  was on ly  u s e f u l  i f  t h e  c o r r e c t i o n  was s m a l l .  
Th is  f o r m u l a  shows t h a t  t h e  c o r r e c t i o n  c o u ld  be r e d u c e d  by
u s i n g  a l o n g  chamber l e n g t h  and a h i g h  p r e s s u r e
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Crompton,  H a l l  and M ack l in  (1957)  measured  d r i f t  
v e l o c i t i e s  i n  h y d ro g e n  u s i n g  the  B radbury  and N i e l s e n  
method b u t  u s i n g  chamber  l e n g t h s  of  3> 6 and 10 cm.
T h e i r  r e s u l t s  were i n  q u a l i t a t i v e  ag re e m e n t  w i th  th e  
p r e d i c t i o n s  of  Duncan and showed c o n s i d e r a b l e  d e v i a t i o n  
from the  a s y m p t o t i c  v a l u e s  ( o b t a i n e d  a t  h ig h  p r e s s u r e s  
and w i th  l a r g e  chamber  l e n g t h ) ,  when t h e  p r e s s u r e  was 
r e d u c e d  and the  chamber  l e n g t h  d e c r e a s e d .
8 .3 * 2  I n v e s t i g a t i o n  by Lowke.
Lowke (1962 ,  1963) u n d e r t o o k  a s y s t e m a t i c  i n v e s t i g a t i o n  
o f  the  e r r o r s  i n h e r e n t  i n  t h i s  form of measurement and gave 
a c o m p re h en s iv e  s e t  of  v a l u e s  o f  W i n  b o t h  h y d ro g e n  and 
n i t r o g e n  a t  293°K and 77 .6°K .
He i n v e s t i g a t e d  e r r o r s  from th e  f o l l o w i n g  s o u r c e s :
( 1) Some e l e c t r o n s  from e a c h  p u l s e  w i l l  be a b s o r b e d  owing
t o  back  d i f f u s i o n  by t h e  f i r s t  s h u t t e r  a f t e r  i t  i s  
s h u t .  T h i s  s l i g h t l y  a l t e r s  the  p o s i t i o n  of  th e  
maximum o f  t h e  e l e c t r o n  d e n s i t y  f o r  the p u l s e  from 
t h a t  c o r r e s p o n d i n g  to  the  i d e a l  ca s e  o f  an 
u n d i s t u r b e d  p u l s e .
( 2 ) The p u l s e  i s  d i s t u r b e d  by th e  a b s o r p t i o n  o f  e l e c t r o n s
by th e  second  s h u t t e r  b e f o r e  i t  op en s .
( 3 ) The f r e q u e n c y  c o r r e s p o n d i n g  to maximum e l e c t r o n  c u r r e n t
i s  n o t  e q u a l  to th e  f r e q u e n c y  c o r r e s p o n d i n g  to  maximum
e l e c t r o n  d e n s i t y  o f  t h e  u n d i s t u r b e d  p u l s e  a t  the
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second  s h u t t e r  b e c a u s e  o f  d i f f u s i o n  c u r r e n t .
(4 )  The number of  e l e c t r o n s  i n  each  p u l s e  v a r i e s  a s  th e
f r e q u e n c y  i s  v a r i e d .
( 5 )  C u r r e n t / f r e q u e n c y  c u r v e s  w i l l  n o t  be s y m m e t r i c a l
a b o u t  eac h  c u r r e n t  maximum b e c a u s e  t h e r e  i s  a 
c o n t i n u o u s  decay  o f  the  maximum e l e c t r o n  d e n s i t y  
o f  a  p u l s e  w h i l e  i t  i s  p a s s i n g  th ro u g h  th e  second  
s h u t t e r .
( 6 ) The s h u t t e r s  t r a n s m i t  e l e c t r o n s  of  h ig h  speed  more
r e a d i l y  t h a n  e l e c t r o n s  of  low s p e e d .  Thus e r r o r s  
w i l l  be i n t r o d u c e d  due to any v a r i a t i o n  of  c a l o n g  
t h e  l e n g t h  o f  the  p u l s e  (c  b e i n g  the  mean 
a g i t a t i o n a l  speed  o f  the  e l e c t r o n s ) .
F a c t o r s  ( 3 ) ,  ( 4 ) and (3 )  a r e  t h o s e  i n v e s t i g a t e d  by 
Duncan ( 1957)•
Lowke found  t h a t  the  sum o f  th e  c o r r e c t i o n s  n e c e s s a r y  
b e c a u s e  o f  f a c t o r s  (1 )  to  (5 )  c o u ld  be i n c l u d e d  w i t h i n  the  
e x p r e s s i o n
wm = w ( 1 + h j f o r )
w h i le  t h e  e f f e c t  o f  f a c t o r  ( 6 ) c o u ld  n o t  be g i v e n .
U s in g  the  above  e x p r e s s i o n ,  and an a p p a r a t u s  i n  which  
t h e  s u p p ly  o f  t h e  a l t e r n a t i n g  p o t e n t i a l  to th e  s h u t t e r s  
had a more n e a r l y  l i n e a r  r e s p o n s e  t h a n  t h a t  u s e d  by 
Crompton,  H a l l  and M a ck l in ,  Lowke was a b l e  t o  o b t a i n  good
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q u a n t i t a t i v e  
m e asu re d ,  a t
ag re e m e n t  be tw ee n  c o r r e c t e d  v a l u e s  of  W 
a g i v e n  E / p ,  o v e r  a  wide r an g e  o f  p r e s s u r e s .
1 2 1 .
CHAPTER 9
THE DRIFT VELOCITY APPARATUS,
9*1 D e s c r i p t i o n  o f  t h e  a p p a r a t u s .
For  t h e  d i r e c t  m easu rem en ts  o f  d r i f t  v e l o c i t y ,  t h e  t i m e -  
o f - f l i g h t  method of  B radbu ry  and N i e l s e n ,  o u t l i n e d  i n  s e c t i o n  
8 .1  was u s e d .  The m o d i f i c a t i o n s  found  n e c e s s a r y  by Lowke 
were i n c o r p o r a t e d  a s  w e l l  a s  t h e  new gu a rd  r i n g  sy s tem  d e s c r i b e d  
i n  s e c t i o n  7 . 1 . 1  and a new method o f  c o n s t r u c t i o n  of  s h u t t e r s .
The a p p a r a t u s  can  b e s t  be d e s c r i b e d  by r e f e r e n c e  to  f i g u r e  
9 . 1 . 1 .  The d r i f t  chamber i s  c o n t a i n e d  be tw e e n  two p a r a l l e l  
m e t a l  e l e c t r o d e s  U and R which a r e  s e p a r a t e d  by a d i s t a n c e  o f  
13 .33  cm. The u n i f o r m i t y  o f  the  e l e c t r i c  f i e l d  be tween  t h e s e  
e l e c t r o d e s  i s  p r e s e r v e d ,  a s  d e s c r i b e d  i n  s e c t i o n  7 . 1 . 1  and 
Appendix IX, by a s e r i e s  o f  g u a rd  r i n g s  G, t h e  f i e l d  h e r e  b e i n g  
made up of  8 modules  each  o f  1 .66  cm. The gu a rd  r i n g s  a r e  
s e p a r a t e d  by g round  g l a s s  s p a c e r s .
Guard r i n g s  and were eac h  made up o f  a  p a i r  o f  ’’h a l f
Fi gu re  9.1.2
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r i n g s ” , each  p a i r  c o n t a i n i n g  an e l e c t r i c a l  s h u t t e r .  The 
s h u t t e r  i s  h e l d  a c c u r a t e l y  a t  t h e  m id p la n e  o f  the  g u a r d  r i n g ,  
the  two s h u t t e r s  b e i n g  s e p a r a t e d  t h e r e f o r e  by a d i s t a n c e  
h =s 10 cm. The r e g i o n s  be tw ee n  the  s h u t t e r s  and the  end 
e l e c t r o d e s  have f i e l d s  i d e n t i c a l  to  t h a t  be tween th e  s h u t t e r s .
I n  t h i s  a p p a r a t u s  th e  i n t e r n a l  r a d i u s  o f  the  g u a rd  r i n g s ,  
c ,  i s  4 .5  cm. A l though  th e  h e i g h t  h i s  g r e a t e r  t h a n  f o r  the 
a p p a r a t u s  d e s c r i b e d  i n  s e c t i o n  7 . 1 ,  the  module t h i c k n e s s  
h/m = 1o / 6 cm rem a in ed  th e  same.  From Table I X . 1 i n  Appendix  
IX, th e  f i e l d  f o r  t h i s  c o n f i g u r a t i o n  i s  u n i f o r m  to b e t t e r  t h a n  
0 . 2 $  w i t h i n  3 cm o f  the  a x i s  and to  b e t t e r  t h a n  0 . 0 3 $  w i t h i n  
2 . 5  cm o f  th e  a x i s .
The r e c e i v i n g  e l e c t r o d e  R, c o n s i s t s  o f  a  p l a n e  m e t a l  
e l e c t r o d e  w i t h  a c e n t r a l  i n s u l a t e d  r e c e i v i n g  d i s k  o f  r a d i u s  
3 .8  cm. A h o l e  o f  r a d i u s  0 . 5  cm, i n  th e  c e n t r e  o f  the  s o u r c e  
e l e c t r o d e ,  S,  a c t e d  a s  th e  s o u r c e  o f  the  e l e c t r o n s  to th e  
chamber .
E l e c t r o n s  were g e n e r a t e d  from a  0 . 0 0 2 ” p l a t i n u m  f i l a m e n t  
and the  e l e c t r i c  f i e l d  be tw e e n  t h e  f i l a m e n t  and th e  e l e c t r o d e s  
P and U co u ld  be v a r i e d  t o  c o n t r o l  the c u r r e n t  e n t e r i n g  t h e  
d r i f t  chamber .
The a p p a r a t u s  i s  h e l d  t o g e t h e r  by 4 s t a i n l e s s  s t e e l  t i e -  
r o d s ,  i n s u l a t e d  from the  e l e c t r o d e s  by g l a s s  s h e a t h s  and 
c o n n e c t e d  e l e c t r i c a l l y  t o  the  e l e c t r o d e  T which i s  i t s e l f  
m a i n t a i n e d  a t  th e  mean p o t e n t i a l  of  t h e  d r i f t  chamber .
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A l l  m e t a l  p a r t s  o f  t h e  a p p a r a t u s ,  w i t h  th e  e x c e p t i o n  o f  
the  s h u t t e r s ,  were made from c o p p e r ,  the  i n s i d e  s u r f a c e s  of 
the  e l e c t r o d e  sys tem i n c l u d i n g  t h e  s h u t t e r  w i r e s ,  b e i n g  go ld  
c o a t e d  by vacuum e v a p o r a t i o n  to m in im ize  c o n t a c t  p o t e n t i a l  
d i f f e r e n c e s  t h r o u g h o u t  the  a p p a r a t u s .
The c r i t i c a l  d i m e n s io n s  o f  the  a p p a r a t u s  a r e  a s  f o l l o w s :  
Guard r i n g  t h i c k n e s s :  16.149 t 0 .0 0 2  mm
S p a c e r  t h i c k n e s s :  0 . 5 0 8  ± 0 .0 0 2  mm
T o t a l  chamber l e n g t h :  133 .24  -  0 .0 8  mm
D i s t a n c e  be tw ee n  s h u t t e r s :  99 .91  * 0 . 0 3  mm.
The a p p a r a t u s  was mounted i n s i d e  a P yrex  g l a s s  e n v e lo p e  
which i s  s i m i l a r  to t h a t  d e s c r i b e d  i n  s e c t i o n  7 . 1 .
9 . 1 . 1  C o n s t r u c t i o n  o f  s h u t t e r s .
C o n s i d e r a b l e  d i f f i c u l t y  was e x p e r i e n c e d  i n  
c o n s t r u c t i n g  s u i t a b l e  s h u t t e r s  f o r  the a p p a r a t u s  s i n c e  the  
f o r m e r s  were to  be made of  a m a t e r i a l  which was
(1 )  an e l e c t r i c a l  i n s u l a t o r ,
(2 )  o f  low v a p o u r  p r e s s u r e  ( t o  a v o i d  c o n t a m i n a t i o n  o f  the
gas  s a m p l e ) ;  and
( 3 ) s u f f i c i e n t l y  s t r o n g  to w i t h s t a n d  th e  t e n s i o n  i n  th e
w i r e s .
Because  of  r e q u i r e m e n t  ( 2 ) ,  t h e  u s e  o f  o r g a n i c  m a t e r i a l s  
and a d h e s i v e s  was p r e c l u d e d .
As an  a p p a r a t u s  of  l a r g e  d i a m e t e r  was p r e f e r a b l e  f o r  
e x p e r i m e n t s  i n  h e l iu m  where l a t e r a l  d i f f u s i o n  i s  g r e a t ,  i t
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was n e c e s s a r y  t o  make t h e  s h u t t e r s  o f  4 2 "” i n t e r n a l  
d i a m e t e r .  C o n s e q u e n t l y ,  b e c a u s e  of  the  l a r g e  number of 
w i r e s ,  the  f o r m e r s  were s u b j e c t e d  to c o n s i d e r a b l e  s t r a i n .
The f i n a l  s h u t t e r s  were c o n s t r u c t e d  by f i r s t  w ind ing
0 . 0 0 3 3 ” d i a m e t e r  n ic h ro m e  wire  a t  0 . 4  mm i n t e r v a l s  on a
f r a m e .  T ens ion  was c o n t r o l l e d  by a p a i r  o f  s p r i n g s
s e p a r a t i n g  th e  end members o f  t h e  f r a m e .  The w i r e s  were
t h e n  s e a l e d  i n  p l a c e  b e tw e e n  two s o d a - g l a s s  r i n g s  o f
i n t e r n a l  and e x t e r n a l  d i a m e t e r s  4 ‘2 n and 5 i'M r e s p e c t i v e l y
u s i n g  a g l a s s  f r i t ,  P yroceram Cement No. 85 ,  o b t a i n e d  from
C o rn in g  G las s  I n t e r n a t i o n a l .  A f t e r  b a k i n g  a t  t e m p e r a t u r e s  
o
o f  up to 440 C, t h e  f r i t  was i r r e v e r s i b l y  c o n v e r t e d  to 
p y ro c e ra m ,  a form of c e r a m i c .  The a s s em b ly  was c o o le d  
s lo w ly  to  p r e v e n t  c r a c k i n g  of  the  g l a s s .  No o x i d a t i o n  
o f  th e  n ic hrom e w i r e s  was o b s e r v e d .
A l t e r n a t e  w i r e s  o f  the  co m p le te d  s h u t t e r  were 
c o n n e c t e d  t o g e t h e r  by s p o t  w e l d i n g ,  each  s e t  o f  w i r e s  
b e i n g  u l t i m a t e l y  c o n n e c t e d  to th e  b a l a n c e d  o u t p u t  o f  the 
o s c i l l a t o r .
The c om ple te d  s h u t t e r s  were eac h  mounted w i t h i n  a 
s t a n d a r d  gua rd  r i n g  a s  shown i n  f i g u r e  9 . 1 . 2 .  Two c o p p e r  
h a l f  r i n g s ,  each  w i th  a p r o j e c t i o n  on t h e  i n n e r  f a c e  a s  
shown, were p l a c e d  on e i t h e r  s i d e  o f  th e  s h u t t e r  which was 
h e l d  i n  p l a c e  w i t h  a  c o p p e r  p a c k i n g  s t r i p  and a b e r y l l i u m  
c o p p e r  s p r i n g .  The h a l f  r i n g s  were t h e n  sc rew ed  t i g h t l y
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t o g e t h e r  on to a f u r t h e r  c o p p e r  s p a c e r .  The c om ple te d  
a s sem b ly  t h e r e f o r e  h a s  the  c o r r e c t  d im e n s io n s  o f  a  gua rd  
r i n g  w i th  a g r i d  o f  w i r e s  h e l d  a c c u r a t e l y  a c r o s s  the 
c e n t r a l ,  e q u i p o t e n t i a l ,  p l a n e .
9*2 M e a s u r in g  e q u i p m e n t .
- 1 0E l e c t r o n  c u r r e n t s  i n  th e  chamber  o f  up to 10 amp were
m easu red  u s i n g  a V ib ro n  e l e c t r o m e t e r  i n  c o n j u n c t i o n  w i th  a 
1010 ohm r e s i s t o r .
As i t  was r e q u i r e d  to d e t e c t  r a p i d  changes  i n  th e  e l e c t r o n  
c u r r e n t ,  i t  v/as n e c e s s a r y  f o r  t h e  t im e  c o n s t a n t  o f  the 
e l e c t r o m e t e r  c i r c u i t  to  be s m a l l .  The t ime  c o n s t a n t  was 
r e d u c e d  by making th e  c a p a c i t y  to e a r t h  a s  s m a l l  a s  p o s s i b l e  by
(1 )  " u n d e r c u t t i n g ” th e  edges  o f  th e  r e c e i v i n g  e l e c t r o d e  to
r e d u c e  t h e  a r e a  i n  p r o x i m i t y  to  th e  o u t e r  e a r t h e d  
e l e c t r o d e ,
(2 )  u s i n g  low c a p a c i t y  c a b l e  be tw ee n  the  e l e c t r o d e  and th e
e l e c t r o m e t e r .
The r e s i s t o r  was e n c l o s e d  w i t h i n  th e  e a r t h e d  m e t a l  s t a n d  
f o r  the  a p p a r a t u s  t o  r e d u c e  i n t e r f e r e n c e  from e x t e r n a l  s o u r c e s .  
P r o v i s i o n  was made f o r  a p p l y i n g  to  t h e  g rounded  end o f  the
1010 ohm r e s i s t o r  a  v o l t a g e ,  e q u a l  and o p p o s i t e  to  t h a t  d e v e l o p e d  
a c r o s s  th e  r e s i s t o r .  Th is  e n a b l e d  a l a r g e  p e r c e n t a g e  o f  th e  
s i g n a l  to be  b acke d  o f f  and p e r m i t t e d  the  s m a l l e r  change s  i n
e l e c t r o n  c u r r e n t  to  be o b s e r v e d  on a l o w e r ,  more s e n s i t i v e
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ra n g e  o f  th e  e l e c t r o m e t e r .
9 . 3  A s s o c i a t e d  e l e c t r i c a l  e q u i p m e n t .
A s s o c i a t e d  e l e c t r i c a l  eq u ip m e n t  was s i m i l a r  to t h a t  
d e s c r i b e d  i n  s e c t i o n  7 . 3  and i s  shown s c h e m a t i c a l l y  i n  f i g u r e
9 . 3 . 1 .
The v o l t a g e  d i v i d e r  n e tw o rk  c o n s i s t e d  o f  a  r e s i s t o r  c h a i n  
o f  8 r e s i s t o r s ,  each  o f  (lOO.OO -  0 . 0 l )  x 10^ ohm.
E l e c t r o d e  T and the  t i e - r o d s  c o n n e c t e d  to  i t  were 
c o n n e c t e d  e x t e r n a l l y  to th e  c e n t r e  gua rd  r i n g  w h i l e  g u a rd  r i n g s  
and $2  were c o n n e c t e d  t o  the  s h u t t e r  s u p p ly  to e n s u r e  t h a t  
th e  c o r r e c t  D.C. p o t e n t i a l  was a p p l i e d  to each  s h u t t e r .
9 . 4  Vacuum e q u i p m e n t .
The vacuum sys tem ,  p r e s s u r e  g au g es  and gas  i n l e t  sys tem 
were t h o s e  d e s c r i b e d  i n  s e c t i o n  7 . 4 .
9 .5  The A.C. v o l t a g e  s u p p l y .
The A.C. v o l t a g e s  t h a t  a r e  a p p l i e d  to th e  s h u t t e r s  sh o u ld  
i d e a l l y  have  th e  f o l l o w i n g  c h a r a c t e r i s t i c s :
( a )  The p h a s e  d i f f e r e n c e  be tween  th e  tv/o v o l t a g e s  a p p l i e d  to
th e  s h u t t e r  s h o u ld  be 180( .
(b )  There  s h o u l d  be no p h a s e  d i f f e r e n c e  b e tw ee n  the
c o r r e s p o n d i n g  v o l t a g e s  t h a t  a r e  a p p l i e d  to each  s h u t t e r .
( c )  The a m p l i t u d e  o f  th e  two s i g n a l s  a p p l i e d  to a s h u t t e r
s h o u l d  be e q u a l .
F ig u re  9.3.1
E le c tro m e te r
V I b r o n
To to p  « h o tte r
To b o tto m  s h u tte r
F ig u r e  9.5.1
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(d)  The a m p l i t u d e  o f  t h e  s i g n a l  s h o u ld  rem a in  c o n s t a n t  as
th e  f r e q u e n c y  i s  v a r i e d .
( e )  The A.C. v o l t a g e s  f o r  each  s h u t t e r  s h o u l d  be s u p e r im p o se d
on the  D.C. v o l t a g e  o f  the  gua rd  r i n g  i n  which the  
s h u t t e r  i s  c e n t r a l l y  l o c a t e d ,
( f )  The RMS v o l t a g e  o f  th e  a l t e r n a t i n g  s i g n a l  mus t  be
s u f f i c i e n t l y  h ig h  so t h a t  when th e  v o l t a g e  i s  a t  i t s  
p e a k  v a l u e  the  s h u t t e r  w i r e s  c o l l e c t  8 0 /  o r  more o f  th e  
e l e c t r o n s  r e a c h i n g  th e  s h u t t e r .
Because  each  s h u t t e r  o f  t h i s  a p p a r a t u s  had a c a p a c i t a n c e  
o f  600yu.p, t h e r e b y  l o a d i n g  the o s c i l l a t o r - a m p l i f i e r  w i th  1200yuP, 
an im pedance  of  on ly  3 x 10 ^ ohms a t  100 K c / s ,  t h e  c o n v e n t i o n a l  
a m p l i f i e r  u s e d  by Lowke ( i 9 6 0 )  c o u l d  n o t  be used  a s  d i s t o r t i o n  
o f  p h a s e s ,  v a r i a t i o n  o f  o u t p u t  w i th  f r e q u e n c y  and l i m i t a t i o n  of  
o u t p u t  v o l t a g e s  r e s u l t e d .  I t  was found  n e c e s s a r y  t h e r e f o r e  to 
o b t a i n  equ ipm en t  which c o u l d  s a t i s f y  t h e s e  more s t r i n g e n t  
r e q u i r e m e n t s ;  t h i s  c o n s i s t e d  o f  an o s c i l l a t o r  h a v i n g  an 
a m p l i f i e d  b a l a n c e d  o u t p u t  f e e d i n g  t h e  s h u t t e r s  t h r o u g h  a 
r e s i s t o r - c a p a c i t o r  n e t w o r k ,
9 , 5 . 1  The o s c i l l a t o r .
The o s c i l l a t o r  u sed  was a H e w l e t t  P a c k a rd  model  233A 
a u d i o - o s c i l l a t o r  h a v i n g  a r a n g e  o f  50 c / s  -  500 K c / s .
The o u t p u t  of  the  o s c i l l a t o r  was d e l i v e r e d  from an  
a m p l i f i e r  and a s i g n a l  o f  0 -  40 V RMS c o u ld  be o b t a i n e d
from a b a l a n c e d  o u t p u t .  U s i n g  a c a t h o d e  r ay  o s c i l l o s c o p e ,
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ono v a r i a t i o n  from a 180 p h ase  change c o u l d  be d e t e c t e d .
An o u t p u t  v o l t m e t e r  was a l s o  i n c o r p o r a t e d  i n t o  the  
i n s t r u m e n t .
Under  the  l o a d  o f  th e  s h u t t e r s ,  t h e  o u t p u t  v o l t a g e  
v a r i e s  w i t h  f r e q u e n c y  i n  th e  f o l l o w i n g  way.
Between 2 K c / s  and 40 Kc/s  th e  o u t p u t  i s  e s s e n t i a l l y  
f l a t ;  from 40 K c /s  to  1CC K c/s  a  change  i n  
f r e q u e n c y  o f  10 K c /s  p r o d u c e s  a ^fo change  i n  o u t p u t  
w h i l e  a s i m i l a r  change  i n  f r e q u e n c y  p r o d u c e s  a 1$ 
change  i n  th e  o u t p u t  i n  the  r a n g e  100 K c /s  to  200 
K c / s .  For  f r e q u e n c i e s  o f  l e s s  th a n  2 Kc/s  o r  more 
t h a n  200 K c / s ,  th e  o u t p u t  v a r i e s  g r e a t l y  w i t h  
f r e q u e n c y  b u t  t h e s e  f r e q u e n c i e s  a r e  o u t s i d e  th e  
r e q u i r e d  r a n g e  o f  th e  e q u ip m e n t .
9 . 5 . 2  F requency  m e a s u r e m e n t .
F r e q u e n c i e s  were m e asu re d  u s i n g  a Venner f r e q u e n c y  
m e t e r  ty p e  TSA 1035* Under e x p e r i m e n t a l  c o n d i t i o n s  the 
r a n g e  o f  t h i s  m e t e r  was from 1 c / s  t o  190 K c/s  w i t h  an 
a c c u r a c y  o f  1 c / s .
9 . 5 . 3  R e s i s t o r - c a p a c i t o r  n e t w o r k .
To s u p e r im p o s e  an Ä.C. s i g n a l  o f  s i m i l a r  p h a s e  and 
m a g n i tu d e  on to  th e  r e q u i r e d  D.C. v o l t a g e  o f  each  s h u t t e r  
the  r e s i s t o r - c a p a c i t o r  n e tw o rk  shown i n  f i g u r e  9 . 5 . 1  was
used To s a t i s f y  t h e  r e q u i r e m e n t s  g i v e n  above ,  i t  was
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n e c e s s a r y  t h a t  t h e  c a p a c i t o r s  = O . l y uP
3
and t he  r e s i s t o r s  R„ = R_ = R_ = R . = 120 x 10 ohm.1 2  3 4
I t  was n o t  n e c e s s a r y  t o  u s e  any form of  low c a p a c i t y  
c a b l e  i n  t h e  c i r c u i t r y  as  t he  c a p a c i t y  o f  t he  s h u t t e r s
was s u f f i c i e n t l y  h i g h  n o t  t o  w a r r a n t  t h i s .
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CHAPTER 10
MEASUREMENT OF THE MAGNETIC DEFLECTION COEFFICIENT 3 / f  
IN A DIATOMIC GAS, NITROGEN.
10.1 I n t r o d u c t i o n .
The f i r s t  e x p e r i m e n t s  c a r r i e d  o u t  i n  th e  a p p a r a t u s  
d e s c r i b e d  i n  c h a p t e r  7 were d e s i g n e d  n o t  o n l y  to  o b t a i n  v a l u e s  
o f  3/ f  b u t  to  d e m o n s t r a t e  t h e  i n t e r n a l  c o n s i s t e n c y  o f  the  
method i n  a s i m i l a r  way to  the  i n v e s t i g a t i o n s  c a r r i e d  ou t  i n  
P a r t  I .
N i t r o g e n  was the  g a s  chosen  f o r  t h e s e  e x p e r i m e n t s  s i n c e  
t h e  g r e a t e s t  amount o f  i n f o r m a t i o n  i s  known a b o u t  t h i s  g a s  
and i n  p a r t i c u l a r :
( a )  The v a l u e s  o f  W a r e  a c c u r a t e l y  known (Lowke, 1963) ;
(b)  The v a l u e s  o f  k^ a r e  a c c u r a t e l y  known (Crompton and
E l f o r d ,  1963) ;
( c )  N i t r o g e n  i s  n o t  s u s c e p t i b l e  to  s m a l l  am ounts  o f
c o n t a m i n a t i o n  a s  m ig h t  be e x p e c t e d  w i t h  a monatomic g a s ;
( d )  Prom t h e o r e t i c a l  p r e d i c t i o n s  o f  F r o s t  and P h e lp s  (1962)
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it was noted that the variation of 3/P with E/p over 
the range to be studied is sufficiently large to make 
variations in 3/f with E/p larger than any expected 
experimental errors.
Measurements of the ratio W /W and k. were made overX/ z 1
the widest practicable variation of the parameters E, p and B.
As nitrogen is a diatomic gas, the electrons suffer
inelastic collisions with the gas molecules and the distribution
function derived in section 5.2 cannot be expected to apply.
However, as outlined in section 5.1, values of 3/f for nitrogen 
oat 293 K have been calculated by Frost and Phelps and 
subsequently by Engelhardt, Phelps and Risk (1964)* and in this 
chapter experimental measurements have been compared with the 
theoretical measurements of these workers.
10.2 Experimental conditions.
The apparatus described in chapter 7 was used in this work 
and the parameters were varied as widely as possible within the 
following ranges:
10.2.1 Electric field strength E.
The values of E were restricted to those above 
3 volts/cm up to a maximum of 40 volts/cm.
10.2.2 Pressure p.
Pressures of 200, 100, 50, 20, 10 and 5 mm Hg
*  ' " "... .... .The author is indebted to these authors for providing data in 
advance of publication. The results quoted in table 10.5.1 are 
those supplied by these authors.
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were u s e d  w i th  an o v e r a l l  s e t t i n g  a c c u r a c y  of  1 °/o.
”1 0 . 2 . 3  M agne t ic  f i e l d  s t r e n g t h  B.
To rem ain  w i t h i n  t h e  l i m i t s  imposed i n  s e c t i o n s  
7 . 6 . 2  and 7 . 6 . 3 ,  the  m a g n e t i c  f i e l d s  u s e d  were n o m i n a l l y  
20,  40,  60,  80 ,  100 and 120 g a u s s .
1 0 . 2 . 4  T e m p e r a t u r e .
I n  a l l  c a s e s  the  t e m p e r a t u r e  a t  the  s o u r c e  e l e c t r o d e  
o orem a ined  b e tw e e n  19 C and 22 C i n d i c a t i n g  t h a t  the  mean 
t e m p e r a t u r e  a lw ays  r e m a in ed  w i t h i n  1°C o f  t h e  am b ien t  20°C. 
A p l a t i n u m  f i l a m e n t  o f  low h e a t  o u t p u t  was u sed  w i t h  no 
w a te r  c o o l i n g .
1 0 . 2 . 5  Gas p u r i t y .
Matheson " R e s e a r c h  G rade"  n i t r o g e n  was u s e d  h a v i n g  
an i m p u r i t y  l e v e l  of  l e s s  t h a n  20 p a r t s  p e r  m i l l i o n .
The o u t g a s s i n g  r a t e  of  th e  a p p a r a t u s ,  up to the s t o p c o c k  
o f  th e  gas  c y l i n d e r ,  was l e s s  t h a n  0 . 2 4  m i c r o n s  p e r  24 
h o u r s  w i t h o u t  l i q u i d  a i r  t r a p  o r  0 .1 6  m i c ro n s  p e r  24 h o u r s  
when t r a p p e d .  No sample  o f  ga s  was used  a f t e r  i t  had 
rem a in ed  i n  the  a p p a r a t u s  f o r  more t h a n  24 h o u r s  d u r i n g  
which t im e  no change i n  r e s u l t s  was o b s e r v e d .
1 0 .3  M easurements  o f  .
For eac h  sample  of  gas  u s e d ,  t h a t  i s  a t  each  i n d i v i d u a l  
p r e s s u r e ,  v a l u e s  o f  Eh/k^ were m e asu re d  f o r  u se  i n  c a l c u l a t i o n  
of  3 /F .  V a lu e s  o f  k^ o b t a i n e d  a r e  g i v e n  i n  t a b l e  1 0 . 3 . 1 .
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TABLE 1 0 . 3 . 1 . 




200 100 50 20 10 5 and
E l f o r d
0 . 0 4 1 .9 0 1 . 87
0 . 0 5 2 . 2 5 2 . 2 3
0 . 0 6 2 . 6 2 2 . 6 0 2 . 6 0
0 . 0 7 3.01 2 . 9 7 2 . 9 8
0 . 0 8 3 .3 9 3 . 3 4 3 . 3 6
0 . 0 9 3 . 7 4 3 .7 1 3 . 7 4
0 . 1 0 4 . 1 2 4 .0 6 4 . 1 0
0 . 1 2 4 . 7 7 4 . 7 4 4 . 7 9
0 . 1 5 5 . 7 8 5 . 6 9 5 .7 5 5 . 7 3 5 . 7 5
0 . 18 6 . 7 0 6 . 6 0 6 . 6 5 6 . 6  4
0 . 2 0 7 . 30 7 . 1 9 7 . 2 4 7 . 2 0 7 . 2 5
0 . 2 5 8 . 6 5 8 . 7 1 8 . 6 6
0 . 3 10 .1  3 1 0 .1 8 1 0 . 0 8 1 0 . 12
0 . 4 1 3 . 0 0 1 3 . 0 5 1 2 . 9 7 1 2 .9 6
0 . 5 1 5 .6 6 1 5 .6 2 1 5 .5 6
0 . 6 1 7 .9 8 1 7 .8 8 1 7 .8 0
0 . 7 1 9 . 9 2 19 .91 1 9 .7 0
0 . 8 2 1 . 6 2 1 . 5 2 1 . 0 2 1 . 4
0 . 9 2 2 . 9 2 2 . 5 2 2 . 9
1 .0 2 4 . 2 2 3 . 7 2 4 .1
1 . 2 2 6 . 3 2 5 .9
1 . 5 2 8 . 7 2 8 . 4 2 8 . 7
1 .8 3 0 .7 3 0 . 4
2 . 0 3 1 . 8 3 1 . 5 3 1 . 7
2 . 5 3 3 .9 3 3 . 4
3 . 0 3 5 . 9 3 5 . 4 3 6 . 0
4 . 0 3 9 . 0 3 8 .6 3 9 . 0
5 . 0 41 .1 4 1 . 3
6 . 0 4 3 . 0
7 . 0 4 4 . 5
8 . 0 4 5 . 7
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The v a l u e s  o f  a g r e e  to  b e t t e r  t h a n  1$ w i th  t h e  v a l u e s  
quo ted  by Crompton and E l f o r d  ( 1 9 6 3 ) .  I n s p e c t i o n  o f  t h e  t a b l e  
o f  v a l u e s  o f  R a g a i n s t  Eh/k^ f o r  v a r y i n g  v a l u e s  o f  W z 
d e r i v e d  i n  Appendix  V I I I  shows t h a t  i n  a l l  c a s e s  a 1$ e r r o r  i n  
Eh/k^ w i l l  a l t e r  th e  v a l u e  o f  by no more t h a n  0 . 6 $ .
D i s c r e p a n c i e s  i n  k^ were c o n s i d e r e d  to  be due e i t h e r  to 
c o n t a c t  p o t e n t i a l  e f f e c t s  o r  to e r r o r s  i n  the  s e t t i n g  o f  the  
gas  p r e s s u r e .  S in c e  t h e  e x p e r i m e n t a l  c o n d i t i o n s  u n d e r  which 
v a l u e s  o f  k^ were m easu red  were a l s o  t h o s e  a p p r o p r i a t e  to  t h e  
m a g n e t i c a l l y  d e f l e c t e d  beam, t h e s e  v a l u e s  of  k^ were u sed  i n  
c a l c u l a t i o n s  r a t h e r  t h a n  th e  more p r e c i s e  v a l u e s  of  Crompton 
and E l f o r d .
At the  l o w e s t  v a l u e s  of  E /p  i n v e s t i g a t e d ,  the  v a l u e  o f  k^ 
was o b s e r v e d  to  have  a marked dependence  on e l e c t r o n  c u r r e n t ,  
an e f f e c t  s i m i l a r  to  t h a t  n o t e d  by Crompton and E l f o r d  ( 1 9 6 3 / .
I n  a d d i t i o n ,  the  v a l u e  o f  k^ o b t a i n e d  by e x t r a p o l a t i n g  to  zero  
c u r r e n t  was found  to  be i n  e r r o r  by up to 4$.  S in c e  t h i s  
p r o j e c t  does  n o t  aim a t  i n v e s t i g a t i n g  th e  b e h a v i o u r  of  e l e c t r o n s
a t  e x t r e m e l y  low v a l u e s  o f  E / p ,  v a l u e s  of  E /p  were chosen  to be
-1
g r e a t e r  t h a n  0 . 0 4  V cm mm Hg such  t h a t  no c u r r e n t  dependence  
co u ld  be o b s e r v e d .
No c o r r e c t i o n  f o r  t e m p e r a t u r e  was made a s  th e  u n c e r t a i n t y  
i n  the  t e m p e r a t u r e  was o f  the  same o r d e r  a s  t h e  n e c e s s a r y  
c o r r e c t i o n  which was i t s e l f  s m a l l .
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10.4 Measurement of the magnetic deflection coefficient.
Measurements of the current ratio R for the magnetically 
deflected beam were made within the range of parameters discussed 
in section 10.2 with the additional conditions specified in 
section 7.6, namely that the ratios lay between 0.3 and 0*85 and 
that the factor Wx/Wz was not greater than 0.060. For each 
value of the current ratio R, the magnetic field strength B was 
recorded.
Using the tables generated as in Appendix VIII the value of 
Wx/Vz was calculated from the measured values of R and Eh/k-j.
The magnetic deflection coefficient 3/f was then found from this 
value of Wx/ w z , the magnetic field strength B and the value of W 
at 293°K as given by Lowke for each value of E/p.
10.5 Results.
The results taken over the complete range of parameters 
used are given in table 10.5.1. Where some doubt exists as to 
the accuracy of the results, these values are enclosed in 
brackets and are not included in any averaging of the results.
It can be seen that the maximum spread of 3/f at any given 
E/p is - 2$. For each value of E/p, the ’’best estimate" of 3/f 
is included in table 10.5.1.
The possible errors contributing to the 2$ variation in 3/f 
are as follows:
(a) Measurement of W x/ w z 1.0$
(b) Measurement of k-j 0.5$
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TABLE 1 0 . 5 . 1 .
o
M a g n e t i c  D e f l e c t i o n  C o e f f i c i e n t  i n  N i t r o g e n  293 K.
(Gauss)
E /p
20 40 60 80 100 120
P = 200 mm Hg •
0 .0 4 1 .55 1 .55
0 .0 5 1 .52 1 .5 3 1 .5 4
0 .0 6 1 .50 1 .52 1 .53
0 .0 7 1 .48 1 .50 1.51 1.51
00o*o 1 .47 1 .49 1.49 1 .50
0 .0 9 1 .45 1 .47 1.47 1 .48 1 .49
0 .1 0 1 .4 4 1 .46 1 .46 1.46 1 .48
0 . 1 2 1 .40 1 .42 1 .42 1 .42 1 .4 4
0 .1 5 1.39 1.39 1.39 1.41
0 .1 8 1.36 1.36 1.36 (1.35)
0 .2 0 1. 34 1 .34 1 .34 1 .35
0 .  25 *
0 .3 0 P = 20 mm Hg.
0 .4 0 1 .22 1 .22 1 .22
0 .5 0 1 .19 1 .19 1.19
0 .6 0 1.16 1.16 1 .16 1 .16
0 .7 0 1 .1 4 1 .1 3 1 .13 1 .1 4 1 .13
0 .8 0 1.11 1 .12 1 .12 1 .12 1 .12
0 .9 0 1 .09 1.10 1.10 1. 10 1.10
1 .00 1 .09 1 .09 1 .10 1 .09 1 .09
1 .20 1 .06 1 .08 1.07 1 .07 1 .07
1.50 1 .0 7 1 .06 1.07 1 .07 1.08
1 .80 1 .06 1 .06 1.06 1 .06 1 .06










TABLE 1 0 . S . 1 » ( C o n t i n u e d )
M agnet ic  D e f l e c t i o n  C o e f f i c i e n t  i n  N i t r o g e n  293°K.
B
(G auss)  20 40 60 80 100 20 40 100
E /p
p = 100 mm Hg p = 50 mm Hg
0 . 0 4
0 . 0 5
0 . 0 6 1.52 1.51
0 . 0 7 (1.49) 1 .48 (1.47)
0 . 0 8 1.49 1 .47 1 .47
0 . 0 9 1 .47 1.46 1.45
o 4 O 1 .45 1 .4 4 1 . 4 3
0 . 1 2 1 .43 1 .4 2 1.40
0 . 1 5 1.38 1 .38 1 .3 7
0 . 1 8 1 .35 1 .3 5 1 .35
0 . 2 0 1 .33 1 .33 1 .32
0 . 2 5 1 .32 1 .30




1 .23 1 .2 3
0 . 5 0
0 . 6 0
0 . 7 0 P = 10 mm Hg
0 . 8 0 1 .10 1.10 1 .0 9
0 . 9 0 1 .09 1.08 1 .08
1 .00 1 .07 1.07 1 .07
1 .20 1 .06 1 .07 1 .06
1 .50 1 .0 5 1 .06 1 .0 5
1 .80 1 . 0 4 1 .0 4 1 .0 5
2 .0 0 1 .04 1 .04 1 .0 4
2 .5 0 1 .04 1 .0 4 (1.05)
3 .0 0 1 .05 1 .05 1 . 0 4
4 .00 1 .06 1 .07 1 .0 7
5 .0 0
6 . 0 0
7 . 0 0
8 . 0 0
10 .00
1..42
1.. 40 1 .45 1.45
1,► 36 1.36 1.40 1.40
1.► 33 1 .3 4 1 .37 1 .37
1,,32 1 .32 1.36 1.35
1,.30 1.30 1 .3 3 1 .32 1 .32
1.,27 1.27 1 .29 1.30 1.30
1,,22 1 .22 1 .24 1 .24 1 .2 4
1.21 1.21
( l . 20) 1.18
1 .1 4 1 .15
1 .13 1 .13
1 .05
1 .05
1 .0 4 P =
5 mm Hg
(1.05) 1 .05 1.04
1 .05 1 .0 4 1.05
1 .07 1.07 1.07
1.08 1 .08
1.09 1 .10
1.11 1 .1 2
1 .12 1 .1 3
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TABLE 1 0 , 3»1 . ( C o n t i n u e d )
o
M a g n e t i c  D e f l e c t i o n  C o e f f i c i e n t  i n  N i t r o g e n  293 K.
Townsend
G r e a t e s t  L e a s t  B e s t  P he lps  and
E /p  V a lu e  V a lu e  E s t im a te  e t  a l . B a i l e y
0 . 0 4 1 .55 1 .55
0 .0 5 1 .54 1 .5 2
0 .0 6 1 .53 1 .50
0 .0 7 1.51 1 .48
0 .0 8 1 .50 1 .47
0 .0 9 1 .49 1 .45
0 .1 0 1 .48 1 .4 2
0 .1 2 1 .45 1 .40
0 .1 5 1.41 1 .36
0 .1 8 1 .37 1 .3 3
0 .2 0 1 .36 1 .3 2
0 .2 5 1. 32 1 .30
0 .3 0 1.30 1 .27
0 .4 0 1 .2 4 1 .22
0 .5 0 1.21 1 .19
0 .6 0 1 .18 1 .16
0 .7 0 1 .15 1 .1 3
0 .8 0 1 .1 3 1 .09
0 .9 0 1 .10 1 .08
1.00 1 .10 1 .07
1.20 1 .08 1 .06
1.50 1 .08 1 .05
1.80 1 .06 1 .0 4
2 .00 1 .06 1 .0 4
2 .50 1 .05 1 .0 4
3 .00 1 .0 5 1 .0 4
4.00 1 .0 7 1 .06
5 .00 1 .08 1 .08
6 .00 1 .10 1 .09
7 .00 1 .1 2 1.11









1 .42 1 .46
00KA•
A— 1.42
1 .35 1 .38
1 .34 1 .35
1.31 1.31
1 .28 1 .28 1 .24
1 .23 1 .22 1 .23
1.20 1 .19 1.19
1.17 1 .16 1 .18
1 .1 4 1. 14 1 .17
1.11 1 .13 1 .1 4
1.09 1 .1 2 1 .13
1.08 1.11 1.11
1 .07 1 .10
1 .06 1 .09 1 .07
1 .05 1 .09
1 .05 1 .09 1.03
1 .0 4 1 .09 1.05
1.05 1 .10 1 .04
1 .07 1.11
1.08 1 .1 2 1 .08
1 .10 1 .1 3
1 .12 1 .1 4
1 .13 1 .15
1.18
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( c )  W 1 .0  $
(d)  P r e s s u r e  1 .0 $ .
10 .6  Compar ison  o f  r e s u l t s .
The r e s u l t s  g iv e n  i n  t a b l e  1 0 . 5 .1  t o g e t h e r  w i t h  t h e  
t h e o r e t i c a l  r e s u l t s  o f  E n g e l h a r d t ,  P h e l p s  and Risk  ( 1964) a r e  
shown i n  f i g u r e  1 0 . 6 . 1 .  I t  i s  t o  be n o t e d  t h a t  w h i l e  the  
l a t t e r  r e s u l t s  show the  same form o f  v a r i a t i o n  of 3/ f  w i th  E /p ,  
d i f f e r e n c e s  of  up to  5$ o c c u r  n e a r  the  minimum v a l u e  of 3/ f  
measured  and a l s o  a t  the  l o w e s t  v a l u e s  o f  E /p  u s e d .
The m a g n e t i c  d e f l e c t i o n  c o e f f i c i e n t  can  a l s o  be o b t a i n e d  
from the  r a t i o  o f  d r i f t  v e l o c i t i e s  m e asu re d  by Townsend and 
B a i l e y  (1921)  to t h o s e  d e t e r m i n e d  by Lowke ( 1 9 6 3 ) .  The 
c o e f f i c i e n t s  so c a l c u l a t e d  a r e  a l s o  i n c l u d e d  i n  f i g u r e  1 0 . 6 . 1  
and ,  a l t h o u g h  l y i n g  o u t s i d e  t h e  l i m i t s  o f  e r r o r ,  show good 
a g ree m en t  w i t h  t h e  p r e s e n t  r e s u l t s .





MEASUREMENT OP THE MAGNETIC DEFLECTION COEFFICIENT 3/F  
IN A MONATOMIC GAS, HELIUM.
11 .1  I n t r o d u c t i o n .
For  the  r e a s o n s  d i s c u s s e d  i n  c h a p t e r  10, n i t r o g e n  was 
chosen  a s  a  s u i t a b l e  g a s  i n  which to  t e s t  the  e x p e r i m e n t a l  
p r o c e d u r e s  n e c e s s a r y  to  d e t e r m i n e  t h e  m a g n e t i c  d e f l e c t i o n  
c o e f f i c i e n t .  The s u c c e s s f u l  outcome o f  t h i s  work c o n f i rm e d  
the  adequacy  o f  th e  e x p e r i m e n t a l  t e c h n i q u e s  which have been  
d e s c r i b e d ,  t h e r e b y  e n a b l i n g  th e  i n v e s t i g a t i o n  o f  o t h e r  g a s e s  
to  be u n d e r t a k e n  w i th  some c o n f i d e n c e .
The r e s u l t s  o f  e x p e r i m e n t s  i n  h e l iu m  which form the  s u b j e c t  
o f  t h i s  c h a p t e r  p r o v i d e  a  c o n v i n c i n g  v e r i f i c a t i o n ,  n o t  o n ly  o f  
the  f o r m u l a  f o r  t h e  m a g n e t i c  d e f l e c t i o n  c o e f f i c i e n t  a s  d e r i v e d  
i n  s e c t i o n  6.3» b u t  a l s o  o f  o t h e r  f o r m u l a e  f o r  d e r i v i n g  f u r t h e r  
i n f o r m a t i o n  from the  m easurem en t  of  th e  m a c r o s c o p i c  q u a n t i t i e s  
W and D.
H u x l e y ' s  d e r i v a t i o n  o f  the  d i s t r i b u t i o n  f u n c t i o n  as  
d e s c r i b e d  i n  c h a p t e r  5 i s  s t r i c t l y  a p p l i c a b l e  on ly  to
1 4 1 .
c i r c u m s t a n c e s  i n  which ene rg y  l o s s  p r o c e s s e s  a r e  u n i m p o r t a n t ,  
f o r  exam ple ,  e l e c t r o n s  moving t h r o u g h  a  monatomic  gas  w i t h  mean 
e n e r g y  w e l l  below t h e  t h r e s h o l d  o f  i o n i z a t i o n .  I n  t h e s e  g a s e s  
i t  i s  p o s s i b l e  to i n v e s t i g a t e  a  c o n s i d e r a b l e  r a n g e  o f  e n e r g i e s  
w h i l e  s t i l l  r e m a i n i n g  i n  t h i s  r e g im e .  F o r  example i n  h e l i u m ,  
th e  g a s  ch o s en  f o r  a  number o f  r e a s o n s  d i s c u s s e d  i n  what  f o l l o w s ,  
w h i l e  th e  r a n g e  of  E /p  i n v e s t i g a t e d  was c o m p a r i t i v e l y  s m a l l ,  the  
en e rg y  r a n g e  e x t e n d e d  to  mean v a l u e s  o f  a p p r o x i m a t e l y  2 e V.
As a check  t h a t  v i r t u a l l y  no i n e l a s t i c  c o l l i s i o n s  o c c u r ,  r e f e r e n c e  
may be made to  th e  work o f  B a r b i e r e  (1951)  who showed t h a t  f o r  an 
E/p  o f  1 .0  V cm 1 mm Hg  ^ the  h i g h e s t  v a l u e  used  h e r e ,  t h e  
p r o b a b i l i t y  o f  an e l e c t r o n  h a v i n g  e n e r g y  o f  more t h a n  8 e V, 
which i s  w e l l  below t h e  f i r s t  e x c i t a t i o n  p o t e n t i a l  of  h e l i u m ,  i s  
i n s i g n i f i c a n t .
Under t h e s e  c o n d i t i o n s ,  where i t  i s  s a f e  to assume t h a t  on ly  
e l a s t i c  c o l l i s i o n s  t a k e  p l a c e ,  i f  i t  i s  p o s s i b l e  to e x p r e s s  the  
v a r i a t i o n  o f  mean f r e e  p a t h  L as  some s im p le  f u n c t i o n  o f  t h e  
a g i t a t i o n a l  speed  o f  th e  e l e c t r o n s ,  t h e n  th e  m a g n e t i c  d e f l e c t i o n  
c o e f f i c i e n t  can  be s im p l y  c a l c u l a t e d  a s  shown i n  s e c t i o n  6 . 3 . 1 .
P r e v i o u s  m e asu re m en ts  by numerous  o t h e r  w o rk e r s  u s i n g  b o th  
s i n g l e  s c a t t e r i n g  and swarm methods  i n d i c a t e  t h a t  th e  v a r i a t i o n  
o f  th e  momentum t r a n s f e r  c r o s s  s e c t i o n  i n  h e l iu m  o v e r  t h e  r a n g e  
of  E /p  u s e d  h e r e  i s  v e r y  s m a l l .  B e c a u se  o f  t h e  s i m p l i f i c a t i o n  
to  t h e  t h e o r y  r e s u l t i n g  from the  a s s u m p t i o n  o f  a  d i f f u s i o n  c r o s s  
s e c t i o n  i n d e p e n d e n t  o f  e l e c t r o n  e n e r g y ,  h e l i u m  has  b e e n  t h e
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s u b j e c t  o f  s t u d y  o f  a l a r g e  number o f  w o r k e r s ,  f o r  exam ple ,
Pack  and P h e l p s  ( 1 9 6 1 ) ,  Pack,  V o s h a l l  and P h e l p s  ( 1 9 6 2 ) ,
B a r b i e r e  ( l 9 5 l ) ,  H ey len  and Lewis (1963)  and many o t h e r s ,  A 
summary o f  t h e  e a r l i e r  work can  be found i n  Loeb ( 1 9 5 5 ) •  For 
t h e  same r e a s o n  h e l iu m  i s  an o b v io u s  c h o i c e  f o r  t h e  p r e s e n t  
i n v e s t i g a t i o n .
Of a l l  t h e  mona tomic  g a s e s ,  h e l iu m  i s  f o r  o t h e r  r e a s o n s  
t h e  mos t  s u i t a b l e  g a s  f o r  such  an  i n v e s t i g a t i o n ,  Uman (1964) 
showed t h e o r e t i c a l l y  t h a t  one p a r t  o f  ca rb o n  d i o x i d e  o r  
m o l e c u l a r  hyd ro g en  i n  10 ,000 p a r t s  of  a rg o n  i s  s u f f i c i e n t  to 
a l t e r  a p p r e c i a b l y  th e  e l e c t r o n  e n e r g y  d i s t r i b u t i o n  from t h e  
v a l u e  i t  would have i n  p u re  a r g o n .  S i n c e  th e  l e v e l  o f  i m p u r i t y  
i n  e x p e r i m e n t s  c a r r i e d  o u t  h e r e  i s  much l e s s  t h a n  t h i s  f i g u r e ,  
i t  s h o u ld  be p o s s i b l e  to  u s e  even  a rg o n  w i th  t h e  p r e s e n t  
e x p e r i m e n t a l  a r r a n g e m e n t  w i t h o u t  any f a l s i f i c a t i o n  o f  r e s u l t s  
due to c o n t a m i n a t i o n .  However,  by s im p le  r e a s o n i n g  i t  can  be 
shown t h a t  e x p e r i m e n t s  i n  h e l iu m  a r e  l e s s  s e n s i t i v e  s t i l l  to 
s m a l l  t r a c e s  o f  i m p u r i t y .  A c o m p a r i s o n  o f  t h e  momentum t r a n s f e r  
c r o s s  s e c t i o n s  shows t h a t  th e  c r o s s  s e c t i o n  o f  a r g o n  f o r  
e l e c t r o n s  i s  o f  the  o r d e r  o f  one t e n t h  o f  t h a t  f o r  say  h y d ro g e n ,  
a  t y p i c a l  d i a t o m i c  i m p u r i t y ,  o v e r  the  r a n g e  t o  be s t u d i e d ,  w h i l e  
t h a t  of  h e l iu m  i s  o n ly  o f  t h e  o r d e r  o f  one h a l f  o f  t h a t  o f  
h y d ro g e n  i n d i c a t i n g  t h a t  the  e f f e c t  o f  c o n t a m i n a t i o n  w i l l  be l e s s  
i n  h e l iu m  t h a n  i n  a r g o n .  C o n s i d e r a t i o n  o f  th e  r e l a t i v e  
m a g n i tu d e s  o f  t h e  a v e r a g e  e n e r g y  l o s s e s  a l s o  l e a d s  to  a s i m i l a r
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conclusion. Since the fractional energy loss in elastic 
collisions is inversely proportional to the atomic weight of 
the gas, it can be seen that the energy loss in a collision 
with a helium atom will be of the order of ten times that with 
an argon atom and will therefore be more nearly equal to the 
somewhat higher average energy losses resulting from collisions 
with polyatomic impurities.
In chapter 6, the ultimate accuracy of the value of the 
magnetic deflection coefficient was shown to depend on a precise 
knowledge of the drift velocity W and the corresponding value of 
k-j as well as on the accurate measurement of the quantity W x/ w z . 
With the possible exception of data published by Nielsen (1936) 
where unfortunately insufficient detail is given for the present 
requirements, none of the published data appears to be of 
adequate accuracy to use in conjunction with results of the 
present work. It was therefore necessary to undertake new 
measurements of both W and k^.
In section 11.7, values of the magnetic deflection 
coefficient are presented which result from the redetermination 
of all of the experimental quantities needed for its evaluation. 
Where these values are compared with the theoretical value 
calculated in section 6.3.1, excellent agreement is found. 
Therefore not only does this verify Huxley's theory but also 
confirms the prediction that the form of distribution function 
which applies in this case is that of Druyvesteyn.
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With t h i s  knowledge  of  t h e  d i s t r i b u t i o n  f u n c t i o n ,  i t  i s  
now p o s s i b l e  to  c a l c u l a t e  a c c u r a t e l y  th e  mean f r e e  p a t h  and 
momentum t r a n s f e r  c r o s s  s e c t i o n s  t o g e t h e r  w i th  th e  mean 
f r a c t i o n a l  e n e r g y  l o s s  s u f f e r e d  by e l e c t r o n s  on c o l l i s i o n  
(H ux ley  and Crompton,  196 1 ) ,  Th i s  l a t t e r  q u a n t i t y  can  be 
compared  w i th  the  v a l u e  t o  be e x p e c t e d  f o r  a g roup  o f  e l e c t r o n s  
p o s s e s s i n g  a D r u y v e s t e y n  en e rg y  d i s t r i b u t i o n  c o l l i d i n g  w i th  gas  
a toms whose e n e r g i e s  a r e  d i s t r i b u t e d  a c c o r d i n g  to Maxwell*s  
d i s t r i b u t i o n .  The r e s u l t s  o f  such  c a l c u l a t i o n s  a r e  g i v e n  a t  
th e  c o n c l u s i o n  o f  th e  c h a p t e r .
A. Measurement o f  D r i f t  V e l o c i t y  W*
11.2  E x p e r i m e n t a l  c o n d i t i o n s .
The d r i f t  v e l o c i t y  was m easu red  i n  th e  a p p a r a t u s  d e s c r i b e d  
i n  c h a p t e r  9 o v e r  t h e  f o l l o w i n g  r a n g e s  o f  p a r a m e t e r s .
1 1 . 2 . 1  E l e c t r i c  f i e l d  s t r e n g t h  E .
The v a l u e s  o f  E were r e s t r i c t e d  to  t h o s e  above  
3 v o l t s / c m  f o r  r e a s o n s  d e s c r i b e d  i n  t h e  p r e v i o u s  c h a p t e r ,  
t h e  u p p e r  l i m i t  of  E b e i n g  a t  t h a t  v o l t a g e  v/here e l e c t r i c a l  
breakdown o c c u r r e d .
1 1 . 2 . 2  P r e s s u r e  p .
The p r e s s u r e s  u s e d  were 10,  20,  50,  100,  200 and 
500 mm Hg.
1 1 . 2 . 3  T e m p e r a t u r e .
Due to th e  low e l e c t r o n  e m i s s i o n  o f  p l a t i n u m  i n
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h e l iu m ,  a 0 , 0 0 2 ” t u n g s t e n  f i l a m e n t  was u s e d  and b e c a u s e  of  
the  c o n s e q u e n t  h ig h  o p e r a t i n g  t e m p e r a t u r e ,  w a te r  c o o l i n g  
was e s s e n t i a l .  As t h e r e  was no the rm o co u p le  w i t h i n  th e  
a p p a r a t u s  th e  t e m p e r a t u r e s  co u ld  o n ly  be m o n i t o r e d  by the  
t e m p e r a t u r e s  of  the  w a t e r  and o f  the o u t s i d e  o f  the  g l a s s  
e n v e lo p e  and by w a tc h i n g  c a r e f u l l y  any p r e s s u r e  f l u c t u a t i o n s .  
Ey r e g u l a t i n g  the  i n p u t  t e m p e r a t u r e  o f  th e  w a t e r  and the  
t ime f o r  which  the  f i l a m e n t  was l e f t  b u r n i n g ,  i t  was 
p o s s i b l e  to  h o l d  the  mean gas  t e m p e r a t u r e  to  w i t h i n  an 
e s t i m a t e d  1°C o f  th e  20°C a m b i e n t .
1 1 . 2 , 4  Gas p u r i t y .
Matheson  " R e s e a rc h  g r a d e "  h e l iu m  was used  w i th  an 
i m p u r i t y  l e v e l  of  l e s s  t h a n  25 p a r t s  p e r  m i l l i o n ,  made up 
a s  f o l l o w s :
Neon: l e s s t h a n 10 ppm
N i t r o g e n : l e s s t h a n 5 ppm
Oxygen: l e s s t h a n 5 ppm
Argon: l e s s t h a n 5 ppm
Hydrogen : l e s s t h a n 5 ppm.
B e fo re  th e  a d m is s i o n  of  th e  f i r s t  sample  o f  h e l iu m  
th e  o u t g a s s i n g  r a t e  was t e s t e d  and found  to be com parab le  
w i th  t h a t  d e s c r i b e d  i n  s e c t i o n  1 0 . 2 . 5 .  However, a f t e r  
e v a c u a t i n g  the  s y s t e m ,  t h e  o u t g a s s i n g  r a t e  was found  to  be 
o f  th e  o r d e r  o f  m i c r o n s  p e r  h o u r ,  a  v a l u e  which d e c r e a s e d  
s lo w ly  and o n ly  r e v e r t e d  to t h e  o r i g i n a l  low v a l u e  a f t e r
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a p e r i o d  o f  weeks,  d e p e n d in g  on th e  p r e s s u r e  o f  he l ium  used  
and th e  t ime  o f  e x p o s u r e .  Th i s  e f f e c t ,  which i s  many 
o r d e r s  o f  m a g n i tu d e  g r e a t e r  t h a n  o b s e rv e d  i n  o t h e r  g a s e s ,  
was o b s e r v e d  s e v e r a l  t i m e s  and found  to be a p r o p e r t y  o f  
h e l iu m  o n l y .  B ecause  o f  t h i s ,  no e x p e r i m e n t s  were done 
i n  g a s e s  o t h e r  t h a n  h e l iu m  u n t i l  the  o u t g a s s i n g  r a t e  
r e t u r n e d  to  the  no rm a l  b ack g ro u n d  l e v e l .
To t e s t  th e  e f f e c t  o f  i m p u r i t y  on t h e  d r i f t  v e l o c i t y  
i n  h e l i u m ,  a sample  o f  10 mm Hg o f  a i r  was a d m i t t e d  to  the  
sys tem  b e f o r e  a d m i t t i n g  200 mm Hg o f  h e l iu m .  Th i s  
c o n t a m i n a t i o n  which amounted to an i m p u r i t y  o f  5$ was
found to cau s e  o n ly  a 3^ r i s e  i n  t h e  v a l u e  o f  W a t  an  E /p
-1 -1o f  0 . 0 5  V cm mm Hg . S i n c e  t h e  l e v e l  o f  i m p u r i t y  i s  
n o t  e x p e c t e d  to have  e x c e e d e d  50 p a r t s  p e r  m i l l i o n  even a t  
10 mm Hg, the  v a r i a t i o n  i n  t h e  m e asu re d  v a l u e  o f  W c au s ed  
by c o n t a m i n a t i o n  i s  n e g l i g i b l e .
11 .3  R e s u l t s .
D r i f t  v e l o c i t i e s  m e asu re d  i n  h e l iu m  a r e  shown i n  t a b l e  
11 .3 * 1 .  I n  each  c a s e  t h e  f r e q u e n c i e s  c o r r e s p o n d i n g  to t h e  
maximum o f  t h e  f i r s t  and second  c u r r e n t  p e a k s  were measured  
and the  r e s u l t a n t  d r i f t  v e l o c i t i e s  f ound  to a g r e e  to w i t h i n  
0 . 2 io. At a  p r e s s u r e  o f  10 mm Hg^only  the  minimum of  the  f i r s t
peak  was r e c o r d e d  due to  t h e  l a c k  o f  d e f i n i t i o n  o f  th e  s e c o n d  
peak  and a l s o  to o b v i a t e  th e  need  o f  u s i n g  th e  o s c i l l a t o r  a t  
f r e q u e n c i e s  above  100 K c / s .
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TABLE 1 1 . 3 . 1 .




500 200 100 50 20 10 B e s t
E s t i m a t e
Pack, 
V o s h a l l  
and P h e l p s
0 , 0 3 1.37 1.38 1.38 1 .3 8
0 . 0 4 1.63 1 .63 1 .6 3 1 .63 1.67
0 . 0 5 1.85 1.85 1.85 1.85 1 . 8 7 ,  1 .85
0 . 0 6 2 .0 5 2 .0 5 2 . 0 4 2 .0 5
0 . 0 7 2 .23 2 .2 2 2 .2 2 2 .22
0 . 0 8 2 .39 2.38 2.39
0 . 0 9 2 .5 4 2 . 5 4 2 .5 3 2 .5 4
0 . 1 0 2 .69 2 .6 8 2 .67 2 .68 2 . 6 0 ,  2 .69
0 . 1 2 2 .95 2 .9 4 2 .9 3 2 .9 4
0 . 1 5 3 .29 3 .2 8 3 .3 0 3.29 3 .22
0 .  18 3 .60 3 .59 3 .6 2 3 .60
0 . 2 0 3 .80 3 .7 9 3 .8 0 3.80 4 .0




4 . 6 2 4 . 6 2 ( 4 . 5 8 ) 4 .6 2
0 . 4 0 5 .33 5 . 3 4 ( 5 . 2 8 ) 5 . 3 4 5.6
0 . 5 0 5.96 ( 6 . 0 6 ) ( 5 . 8 9 ) 5.96 6 . 4 4
0 . 6 0 6 . 5 4 ( 6 . 4 5 ) 6 . 5 4
0 . 7 0 7 . 0 7 ( 6 . 9 8 ) 7 .0 7
0 . 8 0 7 . 5 9 ( 7 . 4 9 ) 7 .59
0 . 9 0 8 . 0 7 ( 7 . 9 5 ) 8 . 0 7
1 .0 0 8 . 5 4 ( 8 . 4 1 ) 8 . 5 4
1.20 9 . 4 7 ( 9 . 2 9 ) 9 .47 9 . 6 5
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In each case the correction factor of Lowke, given in 
chapter 8, was applied.
Except for the case of results taken at 10 mm Hg 
agreement between results at any value of E/p is better than 
l/>. At 10 mm Hg the results are up to 2% lower than those 
measured at 20 mm Hg which, where overlap occurs, agree with 
those taken at higher pressures. Great reliance cannot 
therefore be placed on these results. Also, at this pressure 
the definition of the current peaks was extremely poor and the 
correction for diffusion amounted to 4%•
Results could not be taken with the required accuracy at
lov/er pressures or at a value of E/p higher than 1.2 V cm mm
-1Hg due to lack of definition of current peaks, even with an 
alternating voltage of 20 V RMS applied across the shutters.
In table 11,3*1 values are enclosed in brackets where any 
doubt exists as to the accuracy of the results#
Also included in table 11.3.1 are the results of Pack, 
Voshall and Phelps (1962). These results are values taken at 
300°K and would for this reason be expected to be up to 2% 
higher than the present results. While this appears to be the 
case in general it must be noted that the experimental 
consistency of the results of these authors is only of the 
order of 3$ and considering the small number of values quoted 
and the absence of many checks on experimental consistency, no 
definite statement on the agreement with the present results
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can  be  made.
The r e s u l t s  o f  N i e l s e n  (1936)  a l s o  u s i n g  th e  t i m e - o f -  
f l i g h t  method a p p e a r  to a g r e e  v e r y  w e l l  b u t  t h e  i n f o r m a t i o n  
g i v e n  i n  t h i s  p a p e r  i s  n o t  s u f f i c i e n t  to  e n a b l e  q u o t a t i o n  of  
s p e c i f i c  v a l u e s  o f  W.
B. Measurement o f  M a g n e t i c  D e f l e c t i o n  C o e f f i c i e n t .
11» 4 E x p e r i m e n t a l  c o n d i t i o n s .
As t h e  c o n s i s t e n c y  o f  t h e  method had been  amply d e m o n s t r a t e d  
by work c a r r i e d  o u t  i n  n i t r o g e n  d e s c r i b e d  i n  c h a p t e r  10, i t  was 
n o t  c o n s i d e r e d  n e c e s s a r y  to  v a ry  t h e  e x p e r i m e n t a l  p a r a m e t e r s  as  
w id e l y  a s  had been  done p r e v i o u s l y .  A c c o r d in g l y  t h e  p a r a m e t e r s  
were v a r i e d  as  f o l l o w s :
1 1 .4 .1  E l e c t r i c  f i e l d  s t r e n g t h  E.
V alues  o f  E were a g a i n  r e s t r i c t e d  to  t h o s e  above  
3 v o l t s / c m  and below t h a t  v a l u e  where e l e c t r i c a l  breakdown 
o c c u r r e d .
1 1 . 4 . 2  P r e s s u r e  p .
Only 3 v a l u e s  o f  p r e s s u r e  200,  100 and 50 mm Hg were 
u s e d .  At l o w e r  p r e s s u r e s  th e  low v a l u e s  o f  Eh/k^ 
p r e v e n t e d  m a g n e t i c  d e f l e c t i o n  m easu rem en ts  from b e i n g  made 
w h i le  a t  h i g h e r  v a l u e s  o f  E /p  t h e  dependence  o f  r e s u l t s  on 
c u r r e n t ,  a s  n o t e d  i n  the  l a s t  c h a p t e r ,  was fo u n d  to  o c c u r .  
11*4 .3  M agne t ic  f i e l d  s t r e n g t h  B .
The l o w e s t  and h i g h e s t  p r a c t i c a b l e  v a l u e s  o f  B o f  40
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and 100 g a u s s  were u s e d  a t  a l l  p r e s s u r e s .
1 1 . 4 . 4  T e m p e r a t u r e .
A t u n g s t e n  f i l a m e n t  o f  h i g h  h e a t  o u t p u t  was a g a i n  
n e c e s s a r y .  Use o f  the  w a te r  c o o l e r  e n a b l e d  the  t e m p e r a t u r e  
o f  t h e  s o u r c e  e l e c t r o d e ,  m easured  w i t h  the  t h e rm o c o u p le ,  to  
be m a i n t a i n e d  w i t h i n  t h e  r a n g e  19°C to  22°C. B ecause  the 
f i l a m e n t  was o n ly  o p e r a t e d  f o r  s h o r t  p e r i o d s  o f  t ime  and by 
a l l o w i n g  the  t e m p e r a t u r e  to  f a l l  b e t w e e n  t h e s e  p e r i o d s ,  the  
t h e r m a l  l a g  o f  th e  g a s  e n s u r e d  t h a t  t h e  mean t e m p e r a t u r e  o f  
t h e  g a s  r em a ined  w i t h i n  1°C o f  t h e  a m b ie n t  20°C.
1 1 . 4 . 5  Gas P u r i t y .
Helium from t h e  same c y l i n d e r  a s  t h a t  d e s c r i b e d  i n  
s e c t i o n  1 1 . 2 . 4  was u sed  and t h e  a p p a r a t u s  found  to be 
s u b j e c t  to th e  same v a r i a t i o n  i n  o u t g a s s i n g  r a t e  as  
d e s c r i b e d  i n  t h a t  s e c t i o n .
To t e s t  the  e f f e c t  o f  c o n t a m i n a t i o n  on the  measured  
v a l u e  o f  k-j, 30 m ic ro n s  o f  a i r  was a d m i t t e d  to the  a p p a r a t u s  
f o l l o w e d  by 20 mm Hg o f  h e l iu m ,  b e i n g  an i m p u r i t y  o f  1500 
p a r t s  p e r  m i l l i o n .  At a  v a l u e  of  E /p  o f  0 . 5  V cm“ ''mm Hg~"  ^
the  a p p a r e n t  v a l u e  of  k^ was found  to be o f  th e  o r d e r  o f  
5$ low. S i n c e  t h e  l e v e l  of  i m p u r i t y  i s  n o t  e x p e c t e d  to 
have e x ce ed ed  40 p a r t s  p e r  m i l l i o n  even  a t  a  p r e s s u r e  o f  
20 mm Hg, the  maximum e r r o r  from t h i s  s o u r c e  i n  th e  measured  
v a l u e  of  k-j would n o t  be e x p e c t e d  to exceed  0 . 1 $ .  An e r r o r  
o f  t h i s  m a g n i tu d e  l i e s  a t  the  l i m i t  o f  th e  e x p e r i m e n t a l
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a c c u r a c y  f o r  t h i s  a p p a r a t u s  and would n o t  be s i g n i f i c a n t
i n  any m e asu re m en ts  t a k e n  h e r e
11 ,5  Measurement  o f  k-j.
V a lues  o f  k.j were m easured  f o r  each  sample  of  g a s  u s e d  and 
t h e  r e s u l t s  a r e  shown i n  t a b l e  1 1 . 5 . 1 .  I t  i s  c o n s i d e r e d  t h a t  
k-j was s u b j e c t  to th e  same e r r o r s  a s  t h o s e  f o r  n i t r o g e n  d i s c u s s e d  
i n  s e c t i o n  1 0 . 3 .
A dependence  o f  t h e  r e s u l t s  on c u r r e n t  s i m i l a r  to  t h a t  
o b s e r v e d  i n  n i t r o g e n ,  d e s c r i b e d  i n  s e c t i o n  10.3» was o b s e r v e d  
and c o n s e q u e n t l y  no v a l u e s  o f  c u r r e n t  r a t i o  were m easu red  a t
— 'j __ “I
v a l u e s  o f  E /p  l e s s  t h a n  0 . 0 3  V cm mm Hg ' .
To f a c i l i t a t e  co m p a r i s o n  o f  t h e  p r e s e n t  r e s u l t s  w i th  t h o s e  
o f  Warren and P a r k e r  ( i 9 6 0 )  and o f  Townsend and B a i l e y  ( l 9 2 l )  
t h e s e  s e t s  o f  d a t a  a r e  g i v e n  i n  t a b l e  1 1 . 5 . 2  i n  t e rm s  o f  t h e  
v a r i a t i o n  of  d// -^ w i th  E / p ,  th e  v a l u e s  o f  E /p  b e i n g  r e f e r r e d  to 
a t e m p e r a t u r e  o f  293°K i n  b o t h  c a s e s .  I t  can  be seen  t h a t  f o r  
a l l  v a l u e s  o f  E /p  th e  p r e s e n t  r e s u l t s  l i e  w i t h i n  th e  s c a t t e r  o f  
the  r e s u l t s  o f  Warren and P a r k e r  which  i s  o f  the  o r d e r  of  2$.  
B ecause  o f  t h i s  s c a t t e r  i t  i s  n o t  p o s s i b l e  t o  d e t e c t  any
from the  m e asu re m en ts  h a v i n g  been  t a k e n  a t  d i f f e r e n t  t e m p e r a t u r e s .  
The d a t a  o f  Warren and P a r k e r  was measured  a t  300°K.
The r e s u l t s  of  Townsend and B a i l e y  (1921)  a r e  up to 8% 
h i g h e r  t h a n  t h e  p r e s e n t  r e s u l t s .  These d i f f e r e n c e s  c a n n o t  be
d i f f e r e n c e s  i n  the  v a l u e which s h o u ld  r e s u l t
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e x p l a i n e d  by th e  p r e s e n c e  of  i m p u r i t y  i n  t h e  sample  o f  g a s  u s e d  
by t h e  e a r l i e r  w o rk e r s  and no r e a s o n  can  be p u t  f o r w a r d  as  to 
why t h e s e  r e s u l t s  d i f f e r  so much from b o t h  the  p r e s e n t  r e s u l t s  
and  t h o s e  of  Warren and P a r k e r .
TABLE 1 1 .5 .1  •





0 . 0 3 2 .36 2 .3 3
0 . 0 4 2 .8 7 2 .88
0 . 0 5 3.39 3.41
0 . 0 6 3 .90 3 .9 3
0 . 0 7 4 .42 4 .53
0 . 0 8 4.96 4 .9 4 4.99
0 .0 9 5* 44 5.47 5 .5 2
0 . 1 0 5 .9 5 5 .93 6 . 0 3
0 . 1 2 6 .9 6 6 . 9 9 7 .0 7
0 . 1 5 8 . 4 3 8 . 5 4 8 .61
0 . 1 8 9 . 9 3 10.05 10.10
0 . 2 0 10.91 11 .08 11 . 11
0 . 2 5 13 .35 13 .54
0 .  30 15 .80 16.01
0 . 4 0 2 0 . 6 20 .9
0 . 5 0 2 5 . 3
0 . 6 0 30 .0
0 . 7 0 3 4 .8
0 . 8 0 39 .6
0 . 9 0 4 4 . 4
1.00 4 9 .3
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TABLE 1 1 . 5 . 2 .
T)/j* i n H elium,  293° K.
e/ p
P r e s e n t
R e s u l t s
Warren
and
P a r k e r
Townsend
and
B a i l e y
0 , 0 3 0 .0591 0 .0 5 8 9
0 . 0 4 0 .0 7 2 7 0 . 0 7 3 0
0 . 0 5 0 .0 8 5 9 0 .0 8 6 2 0 . 0 9 2 9
0 . 0 6 0 .0 9 8 8 0 . 0 9 9 4
0 . 0 7 0 . 1 1 3 0 .111
0 . 0 8 0 . 1 2 5 0 . 1 2 4
0 . 0 9 0 . 1 3 8 0 . 1 3 7
0 . 1 0 0 .151 0 .1 4 9 0 .1 5 6
0 . 1 2 0 . 1 7 7 0 . 1 7 3
0 . 1 5 0 .2 1 6 0 . 2 2 2
0 . 1 8 0 . 2 5 4 0 . 2 4 9
0 . 2 0 0 . 2 8 0 0 .271 0 . 2 8 5
0 . 2 5 0 .  340 0 . 3 2 6
o•o 0 . 4 0 2 0 . 3 8 4
0 .  40 0 . 5 2 4 0 .4 9 8
0 . 5 0 0 . 6  39 0 . 6 8 2
0 . 6 0 0 . 7 5 7
0 . 7 0 0 . 8 7 9
0 . 8 0 1 .000
0 . 9 0 1 .122
1 .00 1 .245 1.34
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11.6 Measurement of the magnetic deflection coefficient.
Measurements of the current ratio R for the magnetically 
deflected beam were made within the range of parameters discussed 
in section 11.4 again observing the conditions specified in 
section 7.6. Prom the current ratio R, the magnetic field 
strength B, the measured value of Eh/k^ and the measured value 
of W as given in table 11.3.1 the magnetic deflection coefficient 
3/p was calculated, as discussed in section 10.4, for each value 
of E/p.
11o7 Results and discussion.
In section 11.8 it will be shown that the measured values of 
W and D are consistent with the assumption that the momentum 
transfer cross section is largely independent of agitational 
speed c, a result which agrees with the findings of earlier 
experimental workers. Therefore since the measurements of the 
magnetic deflection coefficient are made in a monatomic gas for 
energies well below the threshold of excitation, the theoretical 
value of 3/P is unambiguously shown in section 6.3.1» to be 1.06. 
Table 11.7.1 shows this to be the case.
If anything, the cross section decreases slightly with 
decreasing speed over this region and hence, apart from any 
modification to the distribution function brought about by this 
variation, the value of the magnetic deflection coefficient would 
be expected to show an increase with decreasing E/p (see table
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TABLE 1 1 . 7 . 1 .
M agne t i c  d e f l e c t i o n  c o e f f i c i e n t  3/ f  i n  Helium a t  2 9 3 )K.
p (mm Hg) 














0 . 0 3 1 .0 4 1 .0 2 1.02
0 . 0 4 1 . 0 4 1.02 1 .03
0 . 0 5 1 .04 1 .0 4 1 .03 1 .04
0 . 0 6 1 .0 4 1 .05 1 .04 1 .0 4
0 . 0 7 1 .05 1 .05 1 .06 1.06
0 . 0 8 1 .05 1 .05 1 .06 1 .05 1.06
0 . 0 9 1 .0 4 1.06 1 .06 1.06 1.06
0 . 1 0 1 .05 1.06 1 .06 1.06 1.05
0 . 1 2 1 .05 1 .06 1 .06 1 .07 1 .07
0 . 1 5 1 .05 1 .07 1.08 1 .0 7 1 .08 1.07
0 .1 8 1 .0 4 1 .06 1 .07 1 .07 1 .07 1.08
0 . 2 0 1 .05 1 .06 1 .07 1 .0 8 1 .09 1 .08
0 . 2 5 1 .05 1 .05 1 .08 1 .08
0 . 3 0 1.06 1 .06 1.08 1 .0 8
0 .4 0 1.06 1 .06
0 . 5 0 1 .06 1 .06
0 . 6 0 1 .05 1 .06
0 .7 0 1.05 1 .0 7
0 . 8 0 1.05 1 .06
0 . 9 0 1.05 1 .06













6.3*1). The theoretical work of Frost and Phelps also 
predicts this effect.
A comparison of theoretical and experimental results is 
shown graphically in figure 11.7*1* The present results show 
a slight tendency to decrease with decreasing E/p but since 
this variation is scarcely outside the limit of experimental 
error, it can hardly be said to be significant 
C. Further deductions from experimental results*
11.8 Derivation of mean free path, momentum transfer cross section 
and mean fractional energy loss on collision.
To evaluate the mean free path L, it is supposed that L 
may be replaced by its mean value for any given value of E/p. 
From Appendix X this can then be shown to be
JLX ■ - - -
L = 8.04 x 10~9 W(k1)2 (E/p)“1 (c c"1)
i
In table 11.8.1 the value of W(k^)*2 (E/p) is given for 
each value of E/p and it can be seen that this expression is 
essentially constant over the range of E/p considered. The 
most likely explanation of this constancy is that the mean 
value of L does not vary with variation of E/p, that is, the 
value of L remains essentially constant. This finding is 
consistent with the results of other investigations and with 
the value of magnetic deflection coefficient as discussed in 
section 11.7.
It follows from this that the distribution is that of
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TABLE 11 . 8 . 1 .
H e l iu m , 293° K.
e/ p k 1 W x 10’ 5
wU^ ) 8
e/ p
L x 102 A x 1016 q/ q x 104
( cm/ se c ) x 10“ 6 ( cm) ( cm2 ) E x p e r . T h eo r .
0 . 0 3 2 .3 5 1 .38 7 . 0 4 5.20 5 .5 4 1 .77 1.68
0 . 0 4 2 .87 1 .6 3 6 .9 8 5 .09 5.95 2 .02 1.97
0 . 0 5 3 .40 1.85 6 .81 5 .03 6 .0 2 2.19 2 .17
0 . 0 6 3.91 2 .05 6 . 7 7 5 .00 6 .06 2 .3 4 2 .3 2
0 . 0 7 4.47 2 .22 6 .69 4 .9 4 6 . 1 3 2 .40 2 .46
0 . 0 8 4.96 2 .39 6 .66 4 .9 2 6 .16 2.51 2 .5 2
0 . 0 9 5 .47 2 . 5 4 6 .60 4 .88 6.21 2 .57 2.59
0 . 1 0 5 .98 2 .6 8 6 . 5 7 4.86 6 . 2 4 2 .62 2 .6 5
0 . 1 2 6.99 2 . 9 4 6 .4 7 4.78 6 . 3 4 2 .6 9 2 .7 4
0 . 1 5 8 . 5 4 3 .2 9 6 .4 0 4 .73 6.41 2 .76 2 .83
0 . 1 8 10.0 3 .60 6 . 3 2 4 .6 7 6 .4 9 2 .8 3 2 .9 0
0 . 2 0 11 .0 3 .80 6.31 4 . 66 6 .5 0 2 .86 2 . 9 3
0 . 2 5 1 3 .4 4 .2 4 6.21 4 .59 6 .6 0 2 .92 2 .99
0 . 3 0 15.9 4 .6 2 6 . 1 4 4 . 5 4 6 .68 2 .93 3 .0 3
0 o 40 2 0 .7 5 .3 4 6 . 0 7 4 .49 6 . 7 5 3 .0 0 3.09
0 . 5 0 2 5 . 3 5 .96 6 . 0 0 4 . 4 3 6 . 8 3 3.06 3 .12
0 . 6 0 30 .0 6 . 5 4 5 . 9 7 4.41 6 . 8 7 3.11 3 .15
0 . 7 0 34.8 7 . 0 7 5.96 4.40 6 .8 8 3 .1 3 3.16
0 . 8 0 39 .6 7 .59 5 .9 7 4.41 6 .8 7 3 .17 3 .18
0 . 9 0 44 . 4 8 . 0 7 5 . 9 7 4.41 6 .8 7 3.20 3 .1 8
1 .0 0 49 .3 8 . 5 4 5 .99 4 .43 6 . 8 4 3 .22 3.19
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Druyvesteyn and hence, from Appendix X, the mean free path can . 
be expressed as
L = 7.40 x 10"19 W(k-|)® (E/p)"1.
The momentum transfer cross section can then be expressed as 
A = (N L T 1
16= (5.29 x 10 L)
= 4.10 x 10"q E/p (W)“1 (k1) .
The values of these quantities are shown in table 11.8.1.
The range of energy covered by these measurements at the 
lowest values of E/p is outside the range in which reliable 
measurements can be made by single scattering measurements. 
Comparison can therefore only be made with the deductions from 
swarm measurements which have been made by other workers, the 
most recent of which are those of Phelps, Pack and Prost (i960) 
and of Pack and Phelps (1961). Using two procedures Phelps et 
al have determined values of the momentum transfer cross section 
over the ranges E/p < 1.0 V cm“  ^ mm Hg“”1 (i960) and 0.003 to 
0.05 e V (1961). The conclusion was reached that the 
experimental results were best fitted by a constant value of the
_ d  c  pmomentum transfer cross section of 6.2 x 10 cm for the
>l ^  2
former range and a constant value of 5.3 x 10 ' cm for the
other. The 20$ discrepancy between these two values makes it
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i m p r o b a b le  t h a t  a t r a n s i t i o n  from one v a l u e  to t h e  o t h e r  o c c u r s  
a s  s u d d e n ly  a s  s u g g e s t e d  by t h e s e  r e s u l t s  and a smooth 
t r a n s i t i o n  i n d i c a t e d  by th e  p r e s e n t  r e s u l t s  w i th  some dependence  
on c o v e r  the  whole r a n g e  o f  e n e rg y  a p p e a r s  more l i k e l y .  The 
r e s u l t s  g i v e n  h e r e  a r e  i n  good g e n e r a l  a g re e m e n t  w i th  the  two 
v a l u e s  s u g g e s t e d  e a r l i e r  bu t  a p p e a r  to be somewhat h i g h e r .
Also from Appendix  X, t h e  mean f r a c t i o n a l  ene rg y  l o s s  p e r  
c o l l i s i o n  can  be g i v e n  by
T h i s  i s  compared i n  t a b l e  1 1 ,8 ,1  w i th  th e  t h e o r e t i c a l  v a l u e  
o b t a i n e d  from the  f o r m u l a
The a g r e e m e n t  be tw een  th e  e x p e r i m e n t a l  and p r e d i c t e d  v a l u e s  
of  the  mean f r a c t i o n a l  e n e r g y  l o s s  i s  i n  a l l  c a s e s ,  e x c e p t  f o r
e v id e n c e  t h a t  the  m easured  v a l u e s  o f  W and k^ a r e  i n d e e d  c o r r e c t .
A  Q/Q = 2 .1 8  x 1 0 " 14 W2 ( k 1 ) 1
the  v e ry  l o w e s t  v a l u e s  o f  E / p ,  b e t t e r  t h a n  3$ which i s  good
APPENDIX I
In this Appendix formulae for W and D are established in terms 
of the microscopic parameters ( and c. The formulae derived are 
those derived by Huxley (i960) for the simple case of isotropic 
scattering. In all expressions derived below it is assumed that 
the term ”ionsM can apply either to electrons or to charged ions.
1. Consideration of velocity distribution f(c).
In the absence of any electric field there is no general 
transport of ions and the mean energy of the ions is equal to 
that of the gas molecules, that is
k
and me
The average velocity of all particles is therefore zero and
the net velocity of the group is zero, that is
c W = 0
If n is the total number of ions in a group undero
consideration, then the distribution function f(c) is defined 
such that the number having velocity components between u and 
u + du, v and v + dv, w and w + dw, is n^ f(c) du dv dw. In 
velocity space this is the number of vectors whose ends lie 
within the elemental volume du dv dw. If there are no 
preferred directions of velocity then n^ f(c) 4 7r c“~ dc is the 
total number of such points within a shell of radius c and 
this is the number of ions whose speeds lie between c and 
c + dc.
Application of the electric field E.
On application of the electric field E, the mean energy 
of the particles becomes greater than that of the molecules 
and




Let an electric field E be applied, parallel to the X
axis.
Consider a set of particles of speeds c* which can be 
represented by points, randomly distributed, in the surface 
of a sphere, centred at the origin O ’ (see figure 1.1).
Then for each particle
i 2 r 2 «2 ,2c 1 = u 1 + v' + w'
Add a component V to every u component so that the speeds of
pw ' - w
Figur« 1.1
the particles are now no longer equal. This is equivalent to
moving the origin to 0 and giving every particle a velocity 
£ = £ f + V. The distribution is now not symmetrical about 
the origin 0.
As defined in 1, the function f(c’) is symmetrical with 
respect to 0‘ and describes the density of points in a 
symmetrical shell about 0*. n(jf(c’) is the density of points, 
which is constant, in the shell about O'.
However it is necessary to describe the distribution of 
the particles in the real frame with respect to the point 0, 
about which the points are no longer symmetrically distributed 
(see figure I.1).
In figure 1.1, in the triangle 0 X P, 
cos' 0 = u/c
and provided V c which is normally the case since W is only 
a small percentage of c
c * = c - OM
= c - V cos 0
= c - Vu/c.
Distribution of speeds with respect to 0.
For particles having a constant c with respect to 0, that 
is over a spherical shell of radius c about 0, the density of 
particles does not remain constant. However for a constant c 
and a constant u the density about the x axis will remain
constant. This is represented by points lying along the
intercept of the plane x = u with the spherical shell of radius
c about C. The velocity distribution about 0 is therefore a
function of c and of u and can be expressed F(c,u).
The total number of particles with velocities in the range
c to c + dc, that is, the total number of points within the
2shell of radius c about 0, is 4 n n F(c,u)c’ dc. It is to be
i o
noted that although the velocity distribution is not symmetrical 
about 0, the total number of points can still be expressed as a 
symmetrical function.
In terms of c* the number of points in the volume element
about any point P is
4 r n f(c1} du dv dw o
but, using a Taylor expansion,
f(c1) = f(c - Vu/c)
= f(c) - Vu/c df/dc
Taking a shell of uniform 0 about 0, a volume element of 
this shell is 2 c sin 0 c d 0 dc and hence
r,
dn = I n F(c,u) 2~ c2 sin 0 d 0 dc o ) o N
a
where dn is the total number of particles with speeds between o
c and c + dc.
However it has been shown that the number of points in 
the volume element about P can be equally well described by
two expressions, hence
A 5.
du dv dw = 4" nQF(c,u) du dv dw
and therefore
P(c,u) = f(c')
= f(c) - Vu/c df/dc
Hence
I n P(c,u) 2 -t? c2 sin 0 d 0 dc
' A  O
= 2 * n c2 I (f(c) - V cos 0 ~ )  sin 0 d 0 dc
r ^ ^ ~
2 ‘T n c2 f f (c) sin 0 d 0- V / sin 0 cos0 ~  d0o i o dc
4^ n f (c) c ' dc o
Thus dnQ, the number of particles with speeds lying between 
c and c + dc, is described by a symmetrical function even though 
the distribution within this shell may not be uniform.
4. To find the average velocity of the system.
Since V is parallel to u the mean values of v and w are 
both zero and W can be expressed as
W = £ = u
u for particles whose speeds lie between c and c + dc is given 
by
A 6.
2 _(4*n nQ f (c) c ~ dc) u
•n
= f no u P(c,u) 2^ c sin 6 d 0 c dc
(3
r ■"
= 2^ r n c3 / f cos 0 P(c,u) sin 0 d 0 dc
o (  «'a
n c f / f(c) cos 0 sin 0 d 0 - / V cos*"© sin 0 d02
-2^ n c" de V “  4 cos3 0o dc 3
-4 ttA  n c3 V dc ' o dc
and therefore
4 t/3 n0 C3 V df/dc dc 
4tt nQ c^ f(c) dc
cV df 
3 f(c) dc
To find Ü for particles of all c it is necessary to integrate 
over all c so that
f *4/ \ 2 / cV df \ jV  = 47rno J f(c) c (‘ 7(7T dc} dCo
and therefore
O'0
W = - —  / c3 V —  dc . (I.1)3 '0 dc
5* Expression for V in terms of E and e.
Huxley (i960) showed that the mean momentum lost per
collision by particles whose velocities lie between c and dc is
m (1.2)
A 7.
M (1 - a)--*----- L Q
M + m
where a = cos 0 and 0 is the angle of deflection on collision 
and the average is taken over all collisions. This momentum 
is lost during collision and is regenerated by the electric 
field between collisions.
The average momentum lost in the x direction per collision 
is therefore
m M (1 - a)
M + m
m M (1 - a) c V df 
M + m 3 f(c) dc
Let / o be the mean free path of the ions and g the mean speed 
of the ions relative to the molecules, then the mean collision 
frequency is g/(Q, and the total number of collisions per 
second by the whole group is
4 yr n f (c) c? dc g//
and the total momentum lost by the group per second is
r  \ 2 , m M (1 - a) c V df- 4-Trn f(c) c dc --------- L  —  '- " 7 — r “o 0 M + m 3 f(c) dcK Q
and the total momentum lost by particles having all c per
second is
A 8
4 ^ m M
~ ~ T ~  n TT---3 o M + m -o
r 3 V k (1 -a) df
J- 0 / doo
4 ^  m M n3 o M +m
f(c) c" V g (1 - a)
r 00
/ 0
-2 d j c \  g (1 - a)
*4> dcl i
f(c)c dc
4 * „ m M f -2 d I 3 V « (1 - ot) / \ 2 ,— - n  --- c — c — £:i- x 7---- - f(c) c dc3 o M + m Jg dc / J v
nQ E e, the total momentum per second supplied by the field,
Since 4^ J f(c) c2 dc = 1,
'0
a solution of this equation is then
1 m M -2 d__ / 3 V g (1 -a)
3 M + m  G dc j C E e
whence
„ - (1 - a) m MV g — 7  w----- = E e/ M + m^ o
and
Writing
E e <- o M + m
m J1 M (1 - a)
/ (M + m) c 
*~o
(1 - a) M * g (1-3)
and noting that for electrons m M and c = g, 
„ E e /
m c






3 .. d f  e V —  dc
and on s u b s t i t u t i n g  f o r  V as  above W becomes
t, 4J L  E__e f / _ 2 j \ d f
3 m
— — ( o 2/ )  “  do.
I n t e g r a t i n g  by p a r t s
W °  j 4 » / c 2f ( c ) ] o + j I 4 * c 2f ( c )  o ' 2 ( / o ? )




J  4 f c 2f ( c )  c 2 ~  ( / c 2) dc
E e - 2 d“  c k  M  •
Normally  4-7r /c2f ( c )  w i l l  v a n i s h  a t  each  l i m i t  s i n c e  the  
e x p r e s s i o n  i s  ze ro  a t  c = 0 and a s  c — f ( c ) - >  0 .  I f
however  ^ = A c r  where r  ^  2 t h e n  th e  e x p r e s s i o n  i s  n o t  ze ro  
a t  c = 0 and the  e x p r e s s i o n  i s  n o t  m e a n i n g f u l .  I n  such  c a s e s
47T E e 
3 m Jo M  f  .
7.  D r i f t  v e l o c i t y  i n  t h e  p r e s e n c e  o f  a t r a n s v e r s e  m a g n e t i c  f i e l d
I f  a m a g n e t i c  f i e l d  B i s  a c t i n g  p e r p e n d i c u l a r  to the  
e l e c t r i c  f i e l d  th e n  t h e  t o t a l  momentum p e r  second  s u p p l i e d  by 
the  e l e c t r i c  and m a g n e t i c  f i e l d s  i s  g i v e n  by
n (E e + i  B e V) o v
(E e + i  m co V)= n
A 10
where u> = Be/m.




-  4 77 E e3m (c/[ - iiJ ) dcdf ,,—  dc
from equation (l.l).
Provided restrictions similar to those in 6 above apply 
W can be written
W E e -2 d_ c^3m C dc (o/i r T T
8• Diffusion coefficient.
Prom section 1.2.2, the net transport of electrons across 
an area _dS in time dt is
- D grad n . _dS dt
where D is the coefficient of diffusion and n is the 
concentration of electrons per unit volume. An equivalent 
convective velocity w can be introduced which would cause the 
same number of electrons to cross dS_ if grad n or D were zero, 
that is
n w • dS dt = - D grad n . dS_ dt
and if the direction of grad n is that of + Oz then
A 11




Let n = 4 7r n f(c) c dc be the number of ions per unit volume
w
whose speeds lie between c and c + dc, then
D (c) dn v cw = - ----- ---c n dzc
Consider a volume bounded by planes of unit area and of
thickness dz, then the mean component of the velocities in the
z direction of the ions is w .c
As given in section 5 above, the mean momentum lost per 
collision by particles with velocity c is
m M (1 - a) 
m + M (1.2)
If g is the mean speed of the particles relative to the 
gas molecules and / i s  the mean free path of the particles, 
then the average number of collisions between any particle 
and the gas molecules in time dt is (g/ / Q)dt and the momentum 
lost is
m M (1 - a) g
m + M 1* o
dt c .
Hence the mean momentum lost by the ions n dz withinc
this specified volume is
m M (1 -a) g
m + M /<■ o
m c , ,= — s— dt w n/ c c
dt
dz
w n dz c c
A 12.
s i n c e  from e q u a t i o n  ( i .
/  m + M 
* ol





This  l o s s  o f  momentum i s  r e s t o r e d  to  t h e  volume by th e  
t o t a l  n e t  momentum i n  th e  d i r e c t i o n  + Oz t r a n s p o r t e d  to  the 
volume by the  i o n s  t h a t  c r o s s  i t s  f a c e s  i n  t ime d t ,  t h a t  i s
m c , 1 c , 2— d t  w n dz = -  — m ——  dz c d t  /  c c 3 dz
S in c e
n w = -  — — —c c 3 dz
D(o)w ---------- * c n c
D(o)
„ dn *
1 0 /  c .
n w c c
1 /= — L  c .
The d i f f u s i o n  c o e f f i c i e n t ,  D, f o r  t h e  whole g roup  o f  i o n s  
i s  found  by t a k i n g  t h e  mean v a l u e  o f  D(c)  w i th  r e s p e c t  to  the  
d i s t r i b u t i o n  of  s p e e d s  c,  namely
d = j(77) .
9 .  D i f f u s i o n  c o e f f i c i e n t  i n  t h e  p r e s e n c e  of  a t r a n s v e r s e  m a g n e t i c  
f i e l d .
I n  t h e  p r e s e n c e  o f  a  m a g n e t i c  f i e l d  p a r a l l e l  to t h e  Y a x i s  
th e  e q u i v a l e n t  c o n v e c t i v e  v e l o c i t y  w i s  now n o t  p a r a l l e l  to  + Oz
A 13.
b u t  h a s  components  w p a r a l l e l  to  Ox and w p a r a l l e l  t o  Oz.
X z
C o n s i d e r  f i r s t  t h e  s t e a d y  s t a t e  c o n d i t i o n  i n  the  Ox 
d i r e c t i o n .  As i n  s e c t i o n  8 a b o v e ,  the  mean momentum l o s t  i n  
the  Ox d i r e c t i o n  by t h e  i o n s  n c dz w i t h i n  th e  s p e c i f i e d  volume 
i s
m c—7— d t  w n dz ./  cx c
Th i s  l o s s  i s  r e s t o r e d  by t h e  a c t i o n  o f  the m a g n e t i c  f i e l d  B 
and hence
m e  _n w —7— + n w e Bc cx /  c cz dz d t  = 0
whence
where 00 = Be/m.
C o n s i d e r i n g  a g a i n  t h e  Oz d i r e c t i o n ,  th e  momentum e q u a t i o n  
now becomes
m e  1
‘— 7— d t  w n dz + n w e B dz d t  = -  — m / cz c c cx 3 dz c
which s i m p l i f i e s  to g i v e
. 0 dnm e  _ 1 2  c-----  w n + n w  e B = - “ m c  - —cz c c cx 3 dz1
On s u b s t i t u t i n g  f o r  w t h i s  becomes
C X
/me w L7— w n + n -----
JL cz c c c cz
. 0 dn1 2 c- m e  -—3 dz
whence
w n cz c







_ i ( -  0w n - - t c —cz c 3 dz





D(o ) dn v __c
n dz c
1 ^ c
3 1 + U>2 T2
The diffusion coefficient for the whole group of ions is 
found by taking the mean value of D(c) with respect to the 
distribution of speeds, namely
l
2 „ 2  ‘1 + U) T
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APPENDIX I I
SOLUTION OF THE DIFFUSION EQUATION
I f  n i s  t h e  c o n c e n t r a t i o n  o f  e l e c t r o n s  and 2X = w/ d t h e n  from 
e q u a t i o n  ( 1 . 3 • 2 )
V 2 n
^ n
( i i . i )
-D 4- + XZ \ TP u t  n = e V
where V = V (x ,  y,  z)
t h e n  e q u a t i o n  ( l l . l )  becomes
^  2 ( e Xz V) Xz ^ 2 V Xz ^  2 V
\  2 + Q \  2 + e
^  z o y * x :
2X —  ( e ^ Z V), 
c\ z
and on p e r f o r m i n g  the d i f f e r e n t i a t i o n
Xz  ^ 2 V , 2  Xz Tr _  Xz ^  V e ------—  + X e V + 2Xe ------
^  z^ Z 2
2X (XeXz V + e Xz
 ^ Z
Xz 2 ... . 2 Xze V V = X e V
t h a t  i s
A 16.
and d i v i d i n g  by e \ z
V 2 v = V ( I I . 2)
I n  s p h e r i c a l  c o o r d i n a t e s  e q u a t i o n  ( l l . 2 )  i s  w r i t t e n
2 ^ 2 V ^ V 1 1 ^ 2 V
r  ----- 2 + 2 r  -----  + ---------  —  ( s m  0 ----- ) + ------ - — ~
c> r  ^ r  s i n  0 o 0 ^  0 s i n  0 cub
2 2
\  r  V= 0
and w r i t i n g  V = R ( r )  S (0 ) and d i v i d i n g  by V
2 2 
r  d R
R d r  s
2 r  d Rs 2 2-  \  r
R d r  s
1 h ^  S
S s i n  0 h 0 s
( s i n  0 — — ) +
^  S,
0 s i n  8 Sg ^  j
= s ( s  + 1) ( I I . 3)
E q u a t i o n  ( I I . 3 ) can  t h e n  be s o l v e d  s e p a r a t e l y  f o r  R ( r )  and f o rs
Ss (0 <f>) a s  f o l l o w s :
S s o l u t i o n .
Prom e q u a t i o n  ( l l . 3 )
1 i s  1 ^ 2 s
( s i n  0 ---------) + ----- ----------------- + s ( s  + 1) S =
s i n  0 ^ 0 c> 0 sin^ 0 & p
which i s  th e  a s s o c i a t e d  L eg e n d re  e q u a t i o n  and  S can t h e r e f o r e  be 
w r i t t e n
S = P m ( c o s  0)  cos  m d  s s /
where Ps m (cos  0) i s  t h e  a s s o c i a t e d  Legendre  p o l y n o m i a l .
A 17.
R s o l u t i o n .
S i m i l a r l y  from e q u a t i o n  ( l l . 3 )
2 d Rs
d r
d Rs 2 2
+ 2 r  ------- - -  ( s ( s  + 1)  + \  r " )R
d r




t  ------- o— + 2 t “ -  ( s ( s  + l )  + t 2)R
d t d t
n ^  "tj
t T-, / / ^ 2  . s f 1 d \  ^ t A e + Be \
where R „ = ( - 1 )  ( j )  t  ( -  — ) ( ------- ; ---------) •
For Ro to  r e m a in  f i n i t e  a s  t  a p p r o a c h e s  o°, A must  e q u a l  z e r o  and 
w i t h o u t  l o s s  of  g e n e r a l i t y  B can  be made e q u a l  to 1 so t h a t
<-’>■ <§>** «■ 4  f->' v
t  Ks+i  ( t )
Ks+» M
(Xr) i
where K 1  i s  t h e  M o d i f i e d  B e s s e l  f u n c t i o n  of  h a l f  i n t e g r a l  o r d e r .
S + 2
The f u l l  s o l u t i o n  f o r  n t h e r e f o r e  becomes
n = e XzS (0 ,  f ) R ( r )s s
Xz
(Xr)
A K _i (X r )P  m ( c o s  0)  cos  m 4
S S '
3=0




( \ r )
I -  As Ks+i (Xr)Ps (cos e) s=o
(XX.4)
P o le  s o l u t i o n
I f  s = 0 i n  e q u a t i o n  ( l l . 4 )  th e n  t h e  s o l u t i o n  f o r  n c o r r e s p o n d s  
to t h e  c a s e  of  an i s o l a t e d  p o l e  s o u rc e  of  e l e c t r o n s  a t  th e  o r i g i n .  
Then,
Xz




I  Ao %
T A ( tT““) 2 e P ( cos  0)  
t  0  2 \ r  0  s
\ z. e__  -XrA -----  er ( I I . 5)
Boundary  c o n d i t i o n s  r e q u i r e  t h a t  n = 0 a t  z = h and to  a c h i e v e  
t h i s  an image o f  t h e  s o u r c e  mus t  be p l a c e d  a t  z = 2h.  Th i s  i n  
t u r n  must  be com pensa ted  by a f u r t h e r  image a t  z = - 2 h .  By 
e x t e n d i n g  t h i s ,  an i n f i n i t e  s e r i e s  o f  im ages  i s  b u i l t  up ,  each  o f  
m a gn i tude  A e ^ Z.
U s in g  th e  n o t a t i o n  of f i g u r e  1 . 6 .1
A e'
-X r .  - X r n -Xr?e___1 _ e___I + e___
L r i r 2 P3
2 2 2 where r^ = j0 + z , 2 2 t „  n2r  „ =2 f  + ( z  -  2h) 
2
f  +
2 2 /  \  2 2  /  , \  2 r ^  = l> + (z  + 2h;  , r^ = p + ( z  -  Ah) , e t c .
A 19.




r . dl \  1 1
z -  2h d 
r Ä dr .
z + 2h d_
r „  dr .
so t h a t
f  - A t
dn „ . X z j z  d e—— = \ n  + A e 1 —  - —  -------dz / ^  d r 1 ( r 1
- 7 u \
z -  2h d__
r  d r  2 2
z + 2h d__
r 3 d r 3
- A t .
3 J
•  •  • ( I I . 6)
At z = h,  n = 0 ,  r^ = r ? , r ^  = r ^ ,  e t c .
t h e r e f o r e
dn
dz 2 A ez=h
f h d
b
d r 1 r i J
+ 3h d__
r 3 dr 3
- \ r .
C o n s i d e r i n g  an ex t rem e c a s e  f o r  w hich  h = 1 and A = 10, 
( c o r r e s p o n d i n g  to  the  s m a l l e s t  v a l u e s  o f  h and A u s e d  i n  the  
e x p e r i m e n t ) ,  the  r a t i o  o f  th e  sum o f  th e  t h i r d  and h i g h e r  o r d e r  
t e rm s  to t h e  f i r s t  and seco n d  te rm s  o f  e q u a t i o n  ( l l . 6 )  i s  o f  the  
o r d e r  o f
- \ ( r 3 -  r ^ )
-20e
and so th e  t h i r d  and h i g h e r  o r d e r  t e rm s  a r e  n e g l i g i b l e .  
T h e r e f o r e ,  w r i t i n g  r  f o r  r ^ ,
A 20
-Xrdn
dz 2 A ez=h
Xh h _d__ 
r dr (II.7)
Since n = 0 at z = h the current at the receiving electrode 
will be proportional to
^ n^ l-D z, z=h
and the current falling on an annular ring between radii P ^  and^5  ^




 ^z z=h f v





(where d ^  = f  ^  + h2, d22 = f £  +
r 2 f -to 1[ _ . Xh h d e2 A e “ r
J , r dr r J rdr
(from equation (ll.7))
% Xh , 2 A e h
-Xr
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The r a t i o  o f  t h e  c u r r e n t s  f a l l i n g  on th e  two a n n u l i  ^  ^  f







( I I . 8)
S p e c i a l  c a s e s .
( a )  I f  n e g l i g i b l e  c u r r e n t  f a l l s  o u t s i d e  th e  r e c e i v i n g  e l e c t r o d e  
r a d i u s  ^  = c t h e n  th e  r a t i o  of  t h e  c u r r e n t  f a l l i n g  on t h e  
i n n e r  d i s k  t o  c u r r e n t  f a l l i n g  on th e  t o t a l  r e c e i v i n g  e l e c t r o d e  
w i l l  be u nchange d  i f  t h e  r e c e i v i n g  e l e c t r o d e  i s  c o n s i d e r e d  a s  
t h e  i n f i n i t e  p l a n e  z = h .  From e q u a t i o n  ( l l . 8 )  t h i s  r a t i o  i s  
g iv e n  by
h - \ ( d  -  h) 
=  1 -  d  e ( I I . 9)
where R i s  now th e  r a t i o  of  th e  c u r r e n t  f a l l i n g  on the  d i s k  
0 < ^< b t o  th e  c u r r e n t  f a l l i n g  on the  t o t a l  r e c e i v i n g  
e l e c t r o d e  0 <" f <? c .
(b )  I f  s i m i l a r  c o n d i t i o n s  to  t h o s e  i n  ( a )  above a p p l y  e x c e p t  t h a t
p o p
the  c e n t r a l  d i s k  0 f  <T a  i s  e a r t h e d  and ( d 1) '  = a  + h th e n  
from e q u a t i o n  ( l l . 8 )  R i s  g iv e n  by
A 22.
that is
R = dj, -\(d - d1) d 6 (11.10)
Dipole solution
If s = 1 in equation (ll.4), the solution for n corresponds 
an isolated dipole source of electrons at the origin.
Then,
\z
" - ^  A ! K3/2 ^ r)P1 (°°S 0) '
to
K JL n+i (z)
W -
r=o
(n + r) ! 
r ! (n - r) ! (2z)r
so that





77 -\r \r + 1 z----£  Q ---- ---  -
\r r
B e
- -\r . .\z a___  \r + 1 _z
r \r r
It is obvious that for z = 0, n = 0 except at the origin 
r = 0. The equation therefore satisfies the boundary conditions
A 23
a t  z = 0 .
As f o r  the  p o l e  s o l u t i o n ,  an image must  be a p p l i e d  a t  z = 2h 
to  make n = 0 a t  z = h and h i g h e r  o r d e r  im ages  a r e  n e g l i g i b l e .  
T h e r e f o r e
*-Xr„ "X» -1 —Xr ,
B eXz
_ 1 Xr.. + 1 2 Xr + 1e i z e  2 z - 2 h




-X T ,  XZXn + Be e ' ^ 1 X r1 +  1 1 . e " ^ 2 ^ 2  +  1 1
1 X r l r 1 r 2 Xr r 2
Z2 d
-X r-j
e Xr 1 + 1
1
1 ( z - 2 h ) 2 d
r ■
~Xr2 X r0 + 1 e 2
r i d r i r i Xri Pi . r 2 Xr2
At z = h ,  n = 0 and r  = r „ = r 01 2
t h e r e f o r e
dn
1 z=h
2 Be XhJ e“ ,Vr Xr + 1 1  + h f  d_ r  Xr r  r  d r
e ~ " r  Xr + 1 1
r  Xr r
S u b s t i t u t i n g
_ J L  d .  e.
Xr d r
dn j   ^ _ Xh
•Xr e Xr + 1 1
d^ z /z=h
2 Be
r r Xr r
f  , d
t
, 
03 h 2 d
/ Xr d r r  ,
+ r d r
e~Xr Xr f  1 1
r  Xr r
Again ,  a s  f o r  th e  p o l e  s o l u t i o n ,  t h e  c u r r e n t  f a l l i n g  on the  
a n n u l a r  r i n g  g^ven 13Y
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rdr
2 P 2 ,2 J „ 2 a 2 ! 2where d^  = [ <\ + h and d^ “ / 2 + h
and this current is therefore proportional to
iL
Xr dr + r dr







-Xr -Xr -v „ q___ Xr + 1 J_
r Xr r
For the case where current falling outside the receiving 
electrode radius p  - c is negligible, the ratio of the current 
falling on the central disk 0 <  <C b to the current falling on 
the total receiving electrode is given by
-Xr
+ h‘ e~Xr Xr + 1 2r Xr rJh
-Xr
+ h2 e
-Xr Xr + 1 
Xr
-Xd -Xd
+ h' Xd + 1 X  Xd d
-Xh -Xh
+ h Xh +1 Xh















h - X ( d - h )— e
d
1  + 1  h 2 ( Xd + 1) 
X X  d 2
h
h - X ( d - h )  h h 1
d d Xd^ hX _
whence R can  be w r i t t e n  as
R = 1 -  — e " ^ d- h )
d ( I I . 1 1 )
which can  be compared w i t h  t h e  p o le  s o l u t i o n ,  e q u a t i o n  ( l l . 9 )
R = 1 -  — e - ^ d- h ) .d
Method of  Warren and P a r k e r
Warren and P a r k e r  ( l 9 6 2 )  s o l v e  the  d i f f u s i o n  e q u a t i o n  ( 1 . 3 . 2 )  
i n  a s i m i l a r  manner f o r  t h e  d i p o l e  c a s e  and f o r  an i n f i n i t e  number 
o f  im a g e s .
U s ing  the  symbols  a d o p t e d  i n  t h i s  t e x t ,  t h e  e l e c t r o n  c u r r e n t  





where j is the summation over all image terms*
As proved earlier, the contributions from the source and first 
image are equal (j = 0 ,  j = 1) and all other terms have no
significant contribution to the expression.








e ^  2 2 u 2\— (.Xr z - r + h )
-Xr
(Xr z2 - r2 + h2)
d2'
When d^1 d ^ — h ,
d2
&2 = d /, 2 u2n2(b + h )





1 - e-X(d-h) (Xd h/ - d^ + h£)
Xd5
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„ - \ ( d - h )  h h 1 , h
= 1 - 0  ------------------ U  -
d d \ h  d2
which i s  i d e n t i c a l  to  t h e  d i p o l e  s o l u t i o n  e q u a t i o n  ( I I .1 1 )  o b t a i n e d  
above .  V/arren and P a r k e r  a l s o  e x t e n d  t h e  above  f o r m u l a  to i n c l u d e  
th e  f i n i t e  s i z e  o f  the  a p e r t u r e .  Th i s  i s  d i s c u s s e d  b r i e f l y  i n  
s e c t i o n  3 . 3 . 1 .
A 28.
APPENDIX III
COMPUTER PROGRAMME TO DETERMINE X IN TERMS OP Eh/k .
To facilitate experimental work and associated calculations,
conjunction with a 1620 computer is given on page A 30.
It should be noted that the equation used to solve the normal 
case and that used for the central disk earthed can be expressed 
in a single form.
The two equations are, from Appendix II,
a table of values of X (see section 2.2.4) against Eh/k was drawn 
up for differing values of b/h. The programme which was used in
R = 1 - h/d exp (“ X (d-h))
and
R = 1 - d”/d exp (- X (d-d”))
which can be expressed as
_ . hR = 1 - — expd
and
A 29
. d M / e Eh d ~ d M
1 “  d exp ( “ 2kT k 1 [ h
and th e  g e n e r a l  form i s  t h e r e f o r e
1 -  D exp ( -  FZG)
The t a b l e s  a r e  drawn up a s  a  f u n c t i o n  o f  X where
100 + X ’ R <■ 0 . 5
100
100 + X ’ R > 0 . 5
A 30
C LATERAL DIFFUSION
1 FORMAT( I 5 , F 9 . 5)
2 F0RMAT(E16.8, E16 .8 ,  E1 6 . 8 / )
8 FORMAT(F9.5.F9.5)
51 FORMAT(1 5 ,1 2 )
IF (SENSE SWITCH 2 ) 3 0 ,3
3 READ 2 , D,F,G 
PRINT 2 ,D ,F ,G
4 FORMAT( / / 1 2HR = X/1000+X)
5 FORMAT(//15HR = 1000/1000+X) 
30 ACCEPT 5 1 , L,M
7 GO TO ( 1 0 2 , 2 0 2 , 3 ) , M 
102 PRINT 4 
GO TO 6 
202 PRINT 5
6 X=L
GO TO ( 1 0 1 , 2 0 1 ) , M 
101 R=X/( 1 0 0 0 .+X)
GO TO 9
201 R=1 0 0 0 . / ( 1 0 0 0 . +X)
9 IF(SENSE SWITCH 2 )1 1 ,1 2
11 PRINT 1, L,R 
GO TO 15
12 Z=-LOG( D * ( 1 . 0 - R ) ) / ( F*G)
IF(SENSE SWITCH 3 ) 1 3 ,1 4
13 PRINT 8, R,Z 
GO TO 15
14 PRINT 1, L ,Z




23 I F ( L - 1 0 0 0 ) 6 , 6 ,2 4
24 M=M+1








DERIVATION OF THE VELOCITY DISTRIBUTION FUNCTION 
FOR ELASTIC NON ISOTROPIC COLLISIONS.
In this Appendix, the velocity distribution function for 
electrons moving in a gas where all collisions are elastic is 
derived. The derivation is that of Huxley (i960) and is 
consistent with the treatment given in Appendix I.
Consider first an extreme case where no electric field is 
present and electrons are in equilibrium with the gas molecules 
among which they move. Under these conditions with E = 0 a 
Maxwell distribution exists, that is
where a is the most probable speed, and
a2 2 2— c
Since the electrons are in equilibrium with the gas molecules
A 32.
and
X 22 me i MC‘




The other extreme case is to be found where the electric
~~2field is sufficiently large that MC can be considered negligible.
The mean loss of energy for elastic, non isotropic collisions 
where C is specified is, from Huxley (i960),
2 M m (l - a) , i 2 1 x,„2\------ \ — J. (a  me - t MC )
(m + M)
where a = cos 6 and 0 is the angle of deflection on collision,
the average being taken over all collisions.
If n is the concentration of electrons whose speeds lie c
between c and c + dc then
2
n = 4V n f(c) c~ dc
and if g is the mean speed of the electrons relative to the gas
A 33.
molecules while i is the mean free path between encounters theno
the number of encounters per unit time is n^ g//0*
~~2 ~*2Since C << c the rate of loss of energy through elastic 
encounters is then
2 M m (1 - a) 0l ^-------------------------—  _  m c
(m + M)
/ (m + M) c
M (1 - a) i
the rate of loss of energy is given by
2 o 5m c
nc /(m + M)
2 3
= 4^n —r~,----- - f(c) c dc ./ (ra + M)
For electrons acted upon by a uniform field parallel to the x 
axis the distribution is not symmetric about the origin and must be 
v/ritten, as in Appendix I, as F(c,u) where
\ r>( \ Vu dfF(,c,uJ = f(c) - —  —  .c dc
Therefore, in steady state motion, the number of electrons 
with speeds between c and c + dc is now given by




and the rate at v/hich energy is supplied to the group by the field 
is given by
4-rr n F( c ,u ) E e 2 ,u c dc
= 4 ^ n  ^ f(c) Vuc
df p 2
-r~ E e u c dc .dc J
Averaged over all values of u and for a constant c this becomes
Vu2 df „ 2- 4 T n —  c dc E e c dc
. Vu df _ 2- 4 ^ n  c — - —  E e c dc
c2 dc
E e c V df , 2 ,------- ~  4 «n c dc .3 dc
The rate of loss of energy in elastic encounters can be 
equated to the energy supplied by the field, therefore
E e c V df . 2 ,-------- —  4^ n c dc3 dc
2m c
'/('m V M)' f(0) ° dC
that is
E 3 m2 c2 f(c) 
l (M + m) (IV.2)
It was shown in Appendix I that, for electrons moving in 
a uniform field,
V =




(M + m) V2 ■—  = - 3 me f(c) .de (IV.3)
Equations (lV.l) and (IV.3 ) are limiting cases of the full 
equation which can therefore be inferred to be
~  U M  + m) V2 + MC2 - 3 me f(c)
that is
1 M.
f dc— = - 3 m (M + m) V2 + MC2
and therefore
f(o) B exp J - 3 rn c dc
/ (M+ m) V2 + MC2
(IV. 4)
For electrons moving in a uniform electric field
m yy m
and V is given by V = • (See Appendix I, section 5).




where k is Boltzmann’s constant, T is the absolute temperature. 
Also writing
L =*
where L is the mean free path at unit pressure, p is the pressure, 
then equation (lV.4) becomes
A 36
where
f ( c )  = B exp ) -  3 m
o M
c dc_______
E & I ) 2
m o + MC
B exp J -  3 rn c dc
E e L 
p m c + 3 kT




« m | £ s £ +p m c 3 kT
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APPENDIX V
TO CALCULATE THE VALUE OF P,
The simplified expression for P as given in section 6.3*1»
(6.5.5)
can be readily evaluated for a given relation between 1 and c 
and for a given distribution function. In this Appendix the 
figures shown in table 6.3.1 are derived.
The two forms of the distribution function studied are those 
of Maxwell and of Druyvesteyn. On making the ap.propriate 
substitutions into equation (5.4.4) df/dc can be expressed as 
follows:
Maxwell, n = 2.
df _ c exp (- c2/a^) 
de 7T a5 r  (3/2)
Druyvesteyn, n = 4-.
A 38
=S — 4 o'' exp (- cVa4) 
TT a7 r (3/4)
Particular examples of the evaluation of P are given as follows: 
(l) l proportional to c 
i • e » — Ac
Equation (6.3.5) can be written
F = - 4 7T I c3 ~  dc .
) dc
(a) Maxwell
2/2df _ c exp (- c /a ) 
dc >7 a5 f (3/2)
hence
4 t ;3 c exp (- c^/a2) 
"■ a5 r  (3/2)
r (3/2)
/ 4







df _ 4 c3 exp (- cVa^)
dc TT a7 f (3/4)
hence
A 3 9 .
4 TT
3 3  / 4 /  4 n .
c 4c e x p  c / a  J dc




c d c  / 4 /  4 n
j -----—  ex p  c /  cl )
16 r  ( 7 / 4 )
r ( 3/ 4 ) 4
a n d  3 / P  = 1
( 2 ) /  c o n s t a n t
i . e .  L = A
E q u a t i o n  ( 6 . 3 . 5 )  c a n  b e  w r i t t e n
P = — 4 TT
[  f  2 d f
/  J  G dc
d fc —  dc 
dc
( a )  M a x w e l l
d f
dc
h e n c e
U p p e r  I n t e g r a l
c e x p  ( -  c ^ / q 2 ) 
rr a 5 r  ( 3 / 2 )
4 2c c e x p  ( -  c 2/ a 2 ) dc
7T a 5 /“ ( 3/ 2 )
f  3c ^  dc
4 ex p  ( -  c 2/ a 2)
7T a  r( 3/ 2 ) y a
1 1 ( 4 / 2 )
r a r  ( 3/ 2 ) 2
a r ( 1/ 2 )
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and
Lower I n t e g r a l = —
c exp ( - c 2/ q 2) dc
~  a 5 r  ( 3/ 2 )
r 2
rr a T  ( 3 / 2 )  J
c"  dc / 2 / 2 -exp (- o 7 0
( 3/ 2 )
z z  —
IT a 2 I ( 3/ 2 ) 2
1
3 «  r (  1/2)
2 T a
th e  r e f o r e
F = -  4rr
8
= 2 .5465
and 3/ f  = 1 .178
(b)  L r u y v e s t e y n








Upper I n t e g r a l
T a7 r ( 3/ 4 )
 ^ c 2 4 c 7 exp ( - c V a ^ )  dc
rr a 7 / '  ( 3/ 4 )
- r a r  ( 3 / 4 )
rr a f  ( 3/ 4 )
c dc




Lower I n t e g r a l
1 1 ( 3 / 2
77 a " 7 ( 3 / 4
, 5  / 4 /  4xc 4c exp { - 0  / a  )
T  a / T  ( 3 / 4 )
*  a 2 r ( 3 / 4 )  J
4_______
-Tr a 2 r  ( 3 /4 )
^ dc / 4 /  4\----- — exp \  -*c / a  )
r  ( 5 /4 )
j ___  r  ( 5 /4 )
7r a 2 f  ( 3 / 4 )
hence
— 4 'rr 1 1 ( 3 / 2 )
2
<1 a 2 r  ( 3/ 4 )
T a r  ( 3 / 4 )
1
r  ( 5 / 4 )
r ( 3 / 4 )  r  ( 5 / 4 )
1.11076
2 .8283
and 3/ f  = 1 . 0 6 1 .
(3) / i n v e r s e l y  p r o p o r t i o n a l to c
i . e . I A -1c
E q u a t i o n  ( 6 . 3 * 5 )  can be w r i t t e n
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(a )  Maxwell  
d f  
dc
Upper I n t e g r a l
c exp ( - c 'V a ^ )
V a5 r  ( 3/ 2 )
1
Lower I n t e g r a l
2 7T a"
(from 2 (a )  )
r ( 2 / 2 \1 c exp t - c  / q  )
zz  —
c t  a5 r  ( 3/ 2 )
tt a 4 T( 3/ 2 )
dc / 2 /  2x—  exp ( - c  / a  j
a
1 r  ( 1 / 2 )






* -  V a
2 v  on




Upper I n t e g r a l
„ 3 t 4 /  4\4 c exp ( - c  / oc )
T  a7 r ( 3/ 4 )
1 I' ( 5/ 4 )
Ti oc^  \ ( 3/ 4 )
(from 2 (b) )
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Lower Integral == —
3 , 4 / 4\J_ 4 c' exp (-c /a ) dc
o IT a7 f (3/4)
"fra4 / (3/4) 1
4_______ (3/4)
7T a4 /' (3/4) 4




F 3 - 4 1 __i_ r  (3/4)










SOLUTION OF THE DIFFUSION EQUATION WITH 
A MAGNETIC FIELD PRESENT.
I n  s e c t i o n  6 .4  the  d i f f u s i o n  e q u a t i o n ,  i n  th e  p resence  of a 
magnet ic  f i e l d  was g iven  as
r)2 n 
>>x2
^ 2 n „ ^  2 n
* z 2 ä  y 2
+  w ( 6 . 4 . 2 )
which, on making the  s u b s t i t u t i o n
4 c O
q = j  n dy
-  C^>
and i n t e g r a t i n g  with  r e s p e c t  to  y, and f u r t h e r  s u b s t i t u t i n g
q = V exp ( ßx  + Yz)
reduced to
^ ~V ^  ~y
v 2 + \  2OX o z
x 2 V ( 6 . 4 . 4 )
where 2 + y2.
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Writing 2 2 2 r = x + z
and tan 0 = x/z 
then






t2 V 0 .
This can be solved by separating variables, writing
v  (t, e) =  r s (t) s s ( g )
and dividing throughout by V
2 2 2t_ d R + t dR _ t2 = 1 d S






Ss (6) C sin s0 + D cos s0. s s
hence
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R s o l u t i o n
2
0 d R d R, 2 st  ----- — + t  -------
d t  d t
S -  ( t 2 + s 2 ) R = 0 .
T h i s  i s  t h e  m o d i f i e d  B e s s e l  e q u a t i o n  of  o r d e r  s and hence
R ( t )  = A I  ( t )  + B K ( t ) .  (Watson p a r a g r a p h  3*7)s s s s s
The c o m p le te  s o l u t i o n  i s  t h e r e f o r e
V = (A I  ( t )  + B K ( t ) )  (C s i n  s 0 + D cos  s 9)s s s s s s
To make q = 0 a t  z = 0 e x c e p t  a t  t h e  o r i g i n  i t  i s  n e c e s s a r y  t h a t
A = 0,  C = 0  and s = 1, s s
hence
V = A K.j ( \ r )  cos  0
= A ^  ( \ r ) ( s e e  f i g u r e  1 • 5-1)
and so
q = A ~  exp (^x  + Yz) ( X r ) .
I t  i s  to be n o t e d  t h a t  t h i s  i s  th e  d i p o l e  s o l u t i o n  w hich  b e s t  f i t s  
th e  boundary  c o n d i t i o n s .  I t  i s  i m p o s s i b l e  to  j u s t i f y  th e  u s e  of  
e i t h e r  o f  th e  a l t e r n a t i v e  s o l u t i o n s ,  po le  o r  d i p o l e ,  e m p i r i c a l l y  a t  
t h i s  s t a g e  so the  s o l u t i o n  which b e s t  f i t s  t h e  c o n d i t i o n s  has  been  
c h o s e n .  R e f e r e n c e  to s e c t i o n  3»3 .7  w i l l  show t h a t  th e  d i f f e r e n c e  
be tw een  the two fo rms  o f  s o l u t i o n  f o r  the  c a s e  o f  z e r o  m a g n e t i c  
f i e l d  i s  v e ry  s m a l l  f o r  a  cham ber  l e n g t h  of  10 cm.
As i n  Appendix I I ,  q m u s t  be zero  a t  th e  r e c e i v i n g  e l e c t r o d e
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z = h,  and f o r  t h i s  to  be s o ,  an  image te rm  must  be i n t r o d u c e d  a t  
z = 2h.  As i n  the  c a s e  of  z e ro  m a g n e t i c  f i e l d ,  t h i r d  and h i g h e r  
image te rm s  a r e  n e g l i g i b l e .
Thus
( z -2h )exp (j3x + Yz) f -  K1 (Xr. , )  -  ' K. ( X r J
where
2 2 2 r ^  = x + z
r = x^ + ( z  -  2 h ) ? .
At z = h
r . = r ^  = d1 2
/ 2 2 n^(x  + h ) .
Thus
( q ) 2=h = 2A exp ( p x  + Yz) “  K1 (Xd) .
S i n c e
+• cO
n dy








i  2 Ah e Yh J e “/3* K „(X d) /d  dx
R = —^  = ------------------4 ----------- 1---------------
i .  „ Yh1 2 Ah e J  e+ ^ X K^(Xd) /d  dx
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(  ^
J e ^ X ( X d) /d  dx
j**  e ^ X K1 ( \ d ) / d  dx
0
T h i s  can  be  f u r t h e r  s i m p l i f i e d  u s i n g  t h e  r e l a t i o n s
f s i n  h ^ x  
- s i n  h
to  g i v e
i  _ I  -  I  2 1 2R = —-  -  —1-------- -
i .  “  I  + I1 1 2




II c o s  h 3
where
J  cos  h £x  (X d ) /d  dx
O '
J s i n  h ^ x  ( \ d ) / d  dx
To e v a l u a t e  I  ^ , from Watson p a r a g r a p h  13-47 ,
f
J
j  ( b t )
-v
/ 2 2v2a ( t  + z )
, 2 2s
( t  + z )
v /2
r a Tr - M-  1 r  aSJ>.ii
/ 2 2 \ 2( a  + b ) I > I
/ 2 u 2 s 2z ( a  + b )
a z
S u b s t i t u t i n g  x = t ,  ~v= 1, X = a ,  h A = - g  and
d = (x^  + h ^ ) *  = ( t ^  + z 2 ) 2
g i v e s  r i s e  to
V Xd) i  b - i
J  i ( b x )  ----- -—  x s dx = ——
~ 2  A. A.
( x 2 + b 2 ) 2 K, (h (X 2 + b 2 ) 2 )
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Also  from Watson
jL
J  i (bx )  = (2/77 b x )^  cos  bx
*“£
Ki ( z )  = ( V 2 z ) 2 e"”Z
Making t h e s e  s u b s t i t u t i o n s
1
v 2 K . , ( \d )  1
c o s  bx ---------- x dx = ----
177 bx I d X
( x 2 + b 2 ) *
2h(X2 4b2) 2
- h ( X 2 + b 2) £
which  on s i m p l i f i c a t i o n  y i e l d s
cos  bx
K1 (Xd)
P u t t i n g  b = i p  ,
cos  h jbx
K ^ X d )
JL
,  \ 2 ,  
it  b i  b_ A  ( i f  _
2 I \  ( h  [ 2h
2 , 2-
*  \ Z - h ( \ *  + b * )  e
J L  - h ( x 2 + b2 )4
2 \ h  6
v-Xh(l - p / x 2) 2
d dX = 2 ^  6
t h u s
Ti - X h ( l - p 2/ x 2 ) S . 
X1 = 2Xh 6
To e v a l u a t e  I ^ :
<X>
s i n  h ji x
K1 (Xd)
Expand ing  s i n  h px
sin h t  = rnt+ + TWr+ßX . ( ft x)^ . ( ft x)
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<  1 V Xd)
2 ' n=o T^ rrn X d
Prom Watson, paragraph 13.47,
/ 2 2 ia(t + z )
/ ,2 2 ^/2(t + z )
t2A + 1 dt --- r K (az)/*+ 1 -vr-/A-1 ir - /**~13. Z '
As before, substituting
— ”1, t = x, z = h,
d = (x2 + h2)2 , +2 2V(t + z )
a = X, n.
gives rise to
K.,(Xd) ?n+1 ^ 1 (x2 1dx= ---- --------  K (Xh).n+1 -n -nX h
and since




. K (Xh) n+1 n v
Substituting this into 1^ gives




( 2n + 1) !
o < K . (Xd) 2n+1 V JLjc
2h) n ! 











( W i )
n 2 n !
(Xh)]
K (Xh)
( 2n + 1) ! n 
Kn (Xh)
1. 5. 5. • • ” ( 2n + 1 )
The r a t i o  o f  c u r r e n t s  i s  t h e r e f o r e  g iv e n  by
.  h - h
h  + *2
1 -  V h  
1 ♦ V h





From Watson,  p a r a g r a p h  7 .23?
( i ) 2n+1 ( » > “  3.
2Xh
Kn (Xh) ( —
I4  -Xh i
\ 2 x h i * f
An2-  12 ( 4n2 -  12 ) ( 4 n 2 -  32 )
1 + ----------------+ — 5  +
( 8 \ h )  ( 8 Xh) 2 !
i i V  e ' Xh Fn (Xh)
so t h a t  A c an  be w r i t t e n
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A = e-Xh/JL\4A (jlV1 a^d-f2A2)sl 2\h X 2\h -
z \ 2n
- t  Uh)n pn T.~r::n=o v ' (2n + V)
— e-Xh(l-(l-f2A 2)£) / _ M  / 2Xh
X
L 2
I 4 - )  (Xh)n P (\h) ----—  ----r—n=0 [ V  n 1- 5. 5. .. (2n + 1)
where
F (\h) n v (4n2 - 12) (4n2 - 12) (4n2 - J,2)« + + “ p ------- +8Xh (8\h) 2 !
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APPENDIX VII






and d /d B
/c/(l + 6o2 T2)
In determining errors, an approximate method must be used to 
determine these terms.
Taking the expression for W /Wr for electrons, assumingX Z 
2 2independent of c and ignoring to T in 1 then
.</>
L s < 2!l ff «•f u. f.
Co -2 d (cr)dc
- 2 d  ( 20 s0 I7(c£)
A 54




2 _ 4 Y2 (T),
"  “  4 Y
r- 2
and to 2 T2 = 4 Y2 ( t 2) ( t 2 ) ( t )
4 Y2 v
where v i s  t h e  d i m e n s i o n l e s s  f a c t o r
_  2
T2 (T) v =* —
( I " )
P r o v i d e d  Y 0 .1  and 1
2 2
t h e n  c o  T <T 0 . 0 4
2 2
i . e .  i g n o r i n g  60 T w i t h  r e s p e c t  to u n i t y  i n t r o d u c e s  an e r r o r  o f
2 2 2a p p r o x i m a t e l y  \ %  and th e  te rm  (w ' T ) i s  t h e r e f o r e  n e g l i g i b l e  i n  
e r r o r  c a l c u l a t i o n s
Lc  (1 + 2 T2 ) -1
l  0 (1 -  ^ 2  T2)
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( u s i n g  t h e  b i n o m i a l  e x p a n s i o n  and i g n o r i n g  (cfi t 2) w i th  r e s p e c t  to  1)
7 7 _________
-  u 7  l  c i ? c ~ :’C t J
1 - 7  ( y c” 1/ L  c
1 + Co
n  n-12 to
•f o
1 + 4Y2 T f 11
(T2 ) /  c
1 + 4Y2 ( T 1 F T) ' (FT^)
(l  2 c“ 2) ( / c)
1 + 4Y d
where ( i  c - 1 ) 2 U 3 0 ~ 1) 
( f 2 C- 2 ) ( i  c)
U sing  r e l a t i o n s h i p  d e r i v e d  i n  c h a p t e r  5> t h e  v a l u e  o f  d can 






/ = Ac 1.00 1.00
/ = A 0.32 0.42
For Y of the order of 0.1 these differences can represent a 
variation of 2% between the respective values of d/d which is 
reflected in the calculated values for X and Eh/k^.
Tables were drawn up for both values of d and the following 
table gives the percentage difference in X for the highest value 









0.010 0 . 1
For values of W /w of the order of 0.02 or less the difference x z
between the two sets of values is negligible, but it is necessary to 
make some postulate of the form of distribution of velocities for
higher values of W^/w^.
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APPENDIX VIII
COMPUTER PROGRAMME TO DETERMINE R IN TERMS
OP Eh/k AND W /w .1 x z
To enable equations (6.4.6) to be used the 1620 computer was
used.
were later used in calculations.
The programme used for the computation is given overleaf.
In the expression for Fn(v), only five terms of the summation 
were used together with a check to ensure that the fifth term 
represented less than 0.01^ of the total sum.
The value of d used in this work was 0.37.
Values of R were calculated as a function of Eh/k^ (denoted 









READ 1, D 
READ 1, RUL.RLL 
DO 5 N=1,7
5 READ 4, ZU(N),ZI(N)
30 READ 6, Y
IF(SENSE SWITCH 2)37,38
37 PRINT 3,Y
38 IF(SENSE SWITCH 3)41,39 
41 PUNCH 3, Y


























71 A=(SQRT(2.*U*V/3.1415926))*S*EXP( -V*(1. -SQRT(1. 
R=(1 . -A) / (1 .+A)
IF(R-RUL)72,73,79
72 IF(R-RLL)30,73,73
73 IFfSENSE SWITCH 2) 74,75
74 PRINT 2, Z,R
75 IF ( SENSE SWITCH 3) 78,79
78 PUNCH 2, Z, R
79 Z=Z+ZI(N)
IF(Z-ZU(N) )6l ,80 ,80
80 CONTINUE 
GO TO 30 
END




It is required to find the uniformity of the electric field 
contained between two parallel end-plates and a system of equally 
spaced guard rings (as shown in figure IX.l).
If each guard ring is held at a potential corresponding to the 
position of the centre of the ring and all spacers and rings are of 
equal dimensions, it is obvious that equipotential planes are not 
only found at the surfaces of the end-plates but also at the centres 
of the gaps between the guard rings and at the mid-planes of the 
guard rings themselves. Hence the system can be considered as a 
series of modules, one of which is shown diagrammatically in 
figure IX.2.
Consider first the case of the single module. Let V be the 
potential between the mid-planes of the two gaps and h the distance 
between them. Let b'/2 be half the thickness of the gap and b the 





If j is the potential at any point (r, z) within the system 
where r is the radial distance from the axis and z is the distance 
along the axis from the origin at the centre of the upper plane, 
then
y 2j# = o  (ix.1)
Because the system has cylindrical symmetry 
=  0
Boundary conditions require
(a) At z = 0 (j> = 0
and at z = h (j> - V
(b) At r = c
for 0 <; z <C d * b’/2, <j) = Vz/2d
d C z < h - d  = h- bf/2, ^ =v/ 2
h - d <" z <  h, ^ = V -  V(h-z)/2d.
Since these conditions do not simplify readily to give a 
separable solution of 7 ^ = 0, they are first separated into two
fields such that
<j> = Vz/h + j ' (IX*2)
This is permissible since Vz/h is also a solution of equation
(IX.1).
Boundary conditions for ^ 1 therefore become 
(a) At z = 0 and z = h
£ 1 = 0
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(b) At r = c
0 < z<^d, <^=V (z/2d - z/h) 
d C z C h - d, / =V (1/2 - z/h) 
h - d < z < h, j) — V (z - h) (l/2d - l/h)
Writing z =
Then at r = c, ^' = f(t) where
0 ^  t  <r f ( t ) " s t; - t "
t(„ , ,(1.1.)
(h - d) 77 
h
h —  ^ h
^  ’ f(t) = v ^ - ^ r )  (t - T )
(see figure IX.3 )
f(t) is therefore an odd valued function and can be 
integrated from - tt to 77 as required.
The equation in ^ 1 is now
and




Writing equation (lX.3) in polar coordinates,
1 T- fr +r ^ r l  ^ r / ^  z2
Separating variables,
j ' = R(r) Z(z)
Figure IX.  3
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, 1 1 and — -
R r ' i ä
■f
^  :
( I X . 4)
Hence
d z 2
- a ( I X . 5)
g i v i n g
S i n c e
and s i n c e  
t h e n
Af s i n  a z + B* cos  a z
0 a t  z = 0 ,  B1 = 0
0 a t  z = h
A1 s i n M * - n  z
whence
a =
Ar s i n  Mt
Mf i f
Prom e q u a t i o n s  ( l X . 4 )  and ( I X . 5 )
1  d




This  i s  a  m o d i f i e d  B e s s e l  e q u a t i o n  and hence  has  the  s o l u t i o n
C I M* 11 r







s i n  MTt
Boundary c o n d i t i o n s  r e q u i r e  t h a t  a t  r  = c
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j ' = f(t)
that is
f(t) = C AM' XoM 1 M 1 tT c sin M 1t (IX.6)
Multiplying each side by sin Mt and integrating from - 7f to + // 
and remembering that f(t) is an odd function so that
j cos Mt f(t)dt= 0 for all M,
- 7T
equation (lX«6) becomes
f(t) sin Mtdt J £- a Mf M t TT C IAM*  ^— ;  sin sin
The right hand side is zero for all M f M1 and for M = M1,
T(
j sin2 Mtdt = 7T .
~ ' 7T 77 \
Therefore J** f(t) sin Mtdt = Iq M ^ c h
and M I
' f f
“ “ j f(t) sin Mt dt
This integral is evaluated in the footnote at the end of this 
Appendix and gives
1 V .  M-TTd/MTTdA.. =   ---  — sin — :  / — -—M I tt M h / ho
for M even
and A_ = 0
for M odd.
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The s o l u t i o n  f o r  fi ' can t h e r e f o r e  be w r i t t e n
2 V I o ( M tt r / h )
f  ' \  mT  I  (M T c / h )  S inM o 7
M 7f  z s i n  (M 77 d / h )
h ( M -n d '/h T
f o r  M even
and
<^  ’ =  0
f o r  M odd
and  t h e  f u l l  s o l u t i o n  f o r  ^  i s
t Vz <  _2__V To ( M '' r / h  ^ s i n  M 77 z s i n  (M "  b» /2hh + M 77 I  (M v c / h )  h ( i T T T V 2 h
where M i s  even .
The above a n a l y s i s  a p p l i e s  to t h e  c a s e  o f  a  s i n g l e  g u a rd  r i n g  
b u t  can  be  e x t e n d e d  to t h e  c a s e  o f  a  s e r i e s  of  m gu a rd  r i n g s .
By w r i t i n g  — f o r  h
Vand “  f o r  V m
t h e  f u l l  s o l u t i o n  f o r  th e  sys tem  o f  m r i n g s  may be shown to be
Vz 2 V I q 77 r^  s in  Mm T> z s in  (Mm7rb, / 2 h )
h + M mM 77 I  (mM tt c/h) h (Mm n b1/2 h )
M o
where M i s  e v e n .
As b e f o r e  the  s o l u t i o n  can be w r i t t e n  as  t h e  sum of a  l i n e a r
te rm Vz/h  and a  p e r t u r b a t i o n  <j>1 which i s  a  measure  of  t h e  d e v i a t i o n
from u n i f o r m i t y  o f  t h e  f i e l d
The above s o l u t i o n  i s  a n a l y t i c a l l y  c o r r e c t  f o r  t h e  c a s e  o f  m
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guard rings with end-plates placed at the centres of the gaps.
The solution also holds, with change of sign only, where the end- 
plates lie at the centres of the guard rings.
The expression for (j' above is periodic in z and is zero where
where P is an integer,
that is, at the centres of the gaps and the centres of the rings.
These are obviously the equipotential planes of the system.
If the end-plates are placed at the centres of the rings instead 
of at the centres of the gaps, the solution is then displaced by 7f. 
This has the sole effect of reversing the sign of the perturbation 1 .
Simplification of j 1
The perturbation term 1 can be considered as the sum of the 




Iq (Mm t  r/h) 
1^ (Mm 77 c/h)
An axial terra sin Mm u z
and a spacer term S sin (Mm'7T'bf/2h) (Mm n b ,/2h)
Prom the. first term it can be seen that the maximum 
perturbation will occur for the smallest value of M, i.e. at M = 2.
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The final term S.. is independent of position and as b*-9>0, 
M
approaches its maximum value of 1. As b ! increases, and 
hence j1 will decrease, decreasing the perturbation. This is 
consistent with the field becoming more linear as b* increases. 
When b ! is small, taking = 1 will give an upper limit to the 
value of the perturbation j '.




2m it R(r,c) sin
2m 77 z 
h
Expressing the deviation from uniformity in the form
% 41O n iVz/h
can be simply written as
m 77 z
h „/ \ . 2m tt zR(r,c) sin — —
As noted before , S = 0 where
z = P ~ 2m where P is an integer,
(IX.7)
that is, at the equipotential plane at the centres of the guard 
rings and of the gaps.
Prom equation (lX*7), the first maximum will occur at
sin 2m 77 z h 1
that is, z = h_4m
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Second and higher order terms (M = 4, 6, etc.) will shift this 
maximum slightly from this position, midway between the centres of 
the gaps and of the guard rings, to a position resembling more that 
of figure IX.3 (b).
From equation (lX.7), the maximum deviation due to the first 
order perturbation can be expressed as
= ^ > c )
2 IQ (2m 7f r/h)
7r i " (Vm^ r c/h)
where r is the radial distance from the axis 
and c is the inner radius of the guard rings.
Soecial cases
In the present work, the standard electrode configuration was 
such that
h/m = 10/6 cm
and b f = 0.5mm.
Table IX.1 gives maximum deviation from uniformity, expressed 
as a percentage 100 & , for varying values of r for the two cases 
c = 5»0 cm and c = 4.5 cm.
It can be seen that, for a guard ring system of internal radius 
5.0 cm the field deviates from uniformity by less than 0.05$ inside 
a radius r = 3.0 cm and by less than 0.01$ inside a radius r = 2.5 cm 
while much nearer the guard rings the distortion is very large.
For a system of internal radius 4.5 cm, the deviation from
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u n i f o r m i t y  i s  l e s s  t h a n  0 . 16$  f o r  r  = 3 .0  cm and l e s s  t h a n  0 . 0 2 5 $  
f o r  r  = 2 .5  cm.
TABLE I X . 1
P e r c e n t a g e  d e v i a t i o n  from u n i f o r m i t y  of  the  e l e c t r i c  f i e l d  
o f  a sys tem h a v i n g  m t h i c k  g u a r d  r i n g s  i n  a h e i g h t  o f  h cm.
h/m = 10/6  cm
___ a ,  / „ a n  P e r c e n t a g e  2 To ( 2m" r / h ^
' 2 " ™ / h  I o (27? rm /h )  d e v i a t i o n  = "  L ( i ' ^  X 1° °
(cm) c = 5. 0 cm c = 4. 5 cm
o•o 0 .0 0 0 1.000 4 .48 X 1 0 " 6 1.52 X i o “ 5
0 . 5 1 .885 2 .1 0 5 9 . 4 3 X 10~6 3 .20 X 1 0 - 5
1 .0 3 .770 9 .2 8  3 4 .16 X 1 0 - 5 1.41 X 10“ 4
1.5 5 .655 4.908 X 10 2 .20 X 10“ 4 7 .46 X 10“ 4
2 .0 7 .540 2.786 X 102 1.25 X 10“ 5 4 .2 4 X IO“ 5
2 .5 9 .4 2 5 1 .663 X 103 7 .31 X 1 0 - 3 2 .5 3 X 10“ 2
3 .0 11 .310 1.058 X 104 4 .7 4 X 10“ 2 1.61 X 10“ 1
3 .5 13.195 5 .970 X 1C4 2.67 X 10“ 1 9 . 0 8 X 10“ 1
4.0 15 .080 3.659 X 105 1 .6 4 5.56
4 .5 17.593 4 .185 X 106 1 .87 X 10 6 .3 7 X 10
5.0 18 .850 1 .422 X 107 6 .37 X 10
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Pootno te. Solution of A / f(t) sin Mt dt.
The region can be divided into 3 sections.






Ti" Vh I 1 1T 2d - h 1 * sin Mt dt
M . ( 1 1
~  (, 2 d h
h V l ± - 1■u M \^2d h
h V ( L . 1
7T m [_ 2d h
h d  ,/ __ VM  J j 2d ’ h
dj
h
t sin Mt dt




d » cos Md 77 sin Md T/
h h + M h
'I cos Md T? 1 sin Md ~r 
h h + dM h
(2) t < (h'h
where 1 _ t( 2 ^ 1
djr
h (1
-d - 1 2
Vt







co s  M(h  -  d) Tl cos  M d » 
2 ( h ” h
/ h -  d / c o s  M( h -  d ) 71 J d cos  M d 77 
+ h  v h  /  h h
J__  / s i n  M(h -  d) * s i n  M d Tl j
'  MTi i  h  "  h  J
I f  M i s  odd
cos  M(h  -  d) ^  _ -  cos  M d 77
h h
and s i n  M(h -  d) 77 
h
s i n  M d 17
and =  0
t h e r e f o r e  f o r  M odd
A =s A  ^ + A^ + A^ (where  A^ i s  d e r i v e d  be low)
= 0 .
I f  M i s  even
cos  M(h -  d) 71 
h
and s i n  M(h -  d) 7r
h
cos  M d
h
-  s i n  M d " 
h
V I h -  2d cos  M d r> 2  s i n  M d 77
A2 “ M h h + M T7 h
T h e r e f o r e ,  f o r  M even
A A1 + k 2 + A3
2dhV 1 -
’ M it \  2d
V h
T M
" cos M d ^ 1 s i n  M d -r





h -  2d ( - 1 ) c o s  M d ~ h -  2d s i n  M d ir 
h h + Md h
h -  2d ( + l )  c o s  M d 2__  s i n  M d 77
h h + M * h
2V h__  s i n  M v  d
Mir 2Md h
V s i n  M -rr d Mv d 
M h /  h
T h e r e f o r e
A V s i n  M ~7T d /  M r< d M h /  h
f o r  M even
and
f o r  M o d d .
( 3)  i ^ - ALL < t  ^
where  f ( t )  = V / -  r r  j ( t  - f )
T h e r e f o r e
A.
h - d
J  V ( z  -  h) s i n  Mt d t2d h /
/ — —
/
y 2d "  h y 77 h - d  _
( t  - T )  s i n  Mt d t
Vh / 1
2d ”  h -  ( t  - tt) c o s  Mt + — v  ---
17
h - d T
Vh- / J L  1
Mtt 2d “  h L
_ ±2L c ° s  M( h - d )  tt j _ Si n  M( h - d )  ^  
h h ~ M h
A 73
For M odd
cos M(h - d) t T - cos M d Tj
and sin M (h - d) n h






d 'I cos M d 7T sin M d ~ 
h h M h
- A.
A., + A,, = 0 for M odd* 1 3
For M even
and cos M(h - d) 77h
a  -  Vh_A “• 1 r3 tt M
H - sin M dir
h
cos M d -i
h
i)LdT cos M d7 1 sin M d ^
\^ 2d hH h h + M h
dhV / 1 1 ^ T cos M d Tr 1 sin M d 77M “it ( 2d ~ h h h + dM h\ / J






11 cos M d tt 1 sin M d ^ 




DERIVATION OP EXPRESSIONS FOR MEAN FREE PATH AND MEAN 
FRACTIONAL ENERGY LOSS FOR THE SPECIAL CASE 
WHERE / IS INDEPENDENT OF c.
Mean free path.
From section 1.4 the mean energy of the electrons can be 
expressed as
m c k ~ k T T 2
k T C~2 d/dc ( C2)__of k
2 L c
and if I is independent of c then the mean squared velocity 
is given by
2c 2 kT c~1 c2 m c ^1 (X.1)
Similarly if L then equation (1.4.1) can be written
W E e__P * 3m c ^d/dc (L c2)
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E
P “  L3m 2 c“1
free path at unit pressure
W 3m 1




E/p 2e ( ~ )  ( T2)2







W /. ( 9 m k T
(V  ( “ 7 ^i7?
JL, 2
1 ~ 2 / 2 p
-i
( o  o - 1 )
Thus if L is independent of c, then the mean free path L is a 
function of W, (k and E/p for any given velocity 
distribution.
Inserting the values for m, k, T and e the expression for 
L becomes
L
o W(k ) ----
8.04 x 10 ~~ZT7~—  (c c"1)E/p
For the special case of a Druyvesteyn distribution 
c c-'T = 1.18
and hence ^
_ Q  W(kl)L = 7.40 x 10 ' ' —  cm (X.2)e7p
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2. Mean energy loss.
For electrons moving in an electric field, the mean rate 
of energy loss is equal to the rate at which energy is received 
from the electric field, Thus if A Q is the mean energy lost 
per collision then
It E e W
3m V
c~2 d/dc ( / c )
so that, if I is independent of c,
^  Q 3m W‘
2 c c
Therefore the fraction of the mean energy lost on the average 
in an encounter is
A  Q = 3m V2______
Q 2 c  c-1 2 m c^
Substituting from equation (X.l) gives
Thus the mean fractional energy loss per collision can 
be calculated for a given distribution if W and are known.
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Substituting for m, k and T, equation (X.3) becomes
A Q 
Q 3.37 x 10
-14 (X.4)
For a Druyvesteyn distribution 
(c” 1) (c~) = 0.6460
and equation (X.4) becomes
Aa =
Q 2.18 x 10
-14
On the assumption that energy transfer between the electrons 
and gas molecules takes place only through elastic collisions 
the fraction A Q/Q can be predicted in the following way. As 
quoted in Appendix IV, the mean energy loss for an electron 
with speed c in elastic collisions with molecules of the gas is
- '-— -2 (1 - a) (i m - M C2)
(m + M)
In situations, therefore, where -g- M can be neglected, 
a = 0 and m is very much smaller than M, then the mean rate at 
which electrons in the whole group lose energy becomes
2m I £l\ X
t o 2 m
and the mean energy loss in a single encounter is given by
~~3 \ ( 1 A x ~ ~2A Q 2m
M i.




f o r  1 i n d e p e n d e n t  of c .
I n  o r d e r  to t a k e  i n t o  a c c o u n t  t h e  i n f l u e n c e  o f  th e  
t h e r m a l  m o t io n s  o f  th e  m o l e c u l e s ,  i t  i s  n o te d  t h a t  when no 
e l e c t r i c  f i e l d  i s  p r e s e n t  £ Q  =  0 and 2 m c 2 = % M C2 so
t h a t  e q u a t i o n  (x.5)  can  be w r i t t e n
Z \ Q = ^ .-2-L  ( J  m c 2 .  J  m C2)
M c c 2
and t h e  mean f r a c t i o n a l  en e rg y  l o s s  p e r  c o l l i s i o n  i s  t h e r e f o r e
For  a D ru y v e s t e y n  d i s t r i b u t i o n
2 Ü L ?
3 0




t h e r e f o r e 4 Q ______ 2m /  J 1 .14—  = 1- 198 F  1 -  —
1 /
« m L  1 .14
= 2- 40 m V ” “
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For e l e c t r o n s  i n  h e l iu m ,
m/M = 1 / 4  x 1837
t h e r e f o r e
AQ 2 .  40 /  1 .14  \
Q 4 x 1837 V k-, )
3 .27  x 10 -4 1 - 1 .14 (X .6 )
A 8 0 .
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